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Preface 


The field of stem cell research has attracted many investigators in the past 
several years. Progress in embryology, hematology, neurobiology, and 
skeletal biology, among many other disciplines, has centered on the iso- 
lation and characterization of stem cells. The approaching completion of 
the sequencing of the human genome has lent further impetus to explor- 
ing how gene expression in stem cells relates to their dual functions of 
self-renewal and differentiation. 

Two small meetings held at the Banbury Center of Cold Spring 
Harbor Laboratory in 1996 and 1999 served to bring together groups of 
scientists eager to discuss the role of stem cells in development, tissue 
homeostasis, and regeneration. These meetings highlighted both the 
quickening pace of discovery relating to the basic biology of stem cells 
and the increasing scope for their clinical exploitation. They also con- 
vinced us that it was timely to assemble a monograph that would help to 
make the fundamentals of stem cell biology more accessible to those 
seeking better acquaintance with the subject. 

We thank Inez Sialiano, Pat Barker, Danny deBruin, and John Inglis 
of the Cold Spring Harbor Laboratory Press for enabling this project to be 
realized. We also acknowledge the efforts of the entire staff of the Press 
who contributed to the editing and production process. Drs. James 
Watson, Bruce Stillman, and Jan Witkowski were highly supportive of 
this enterprise. A particular note of thanks is due Mr. James S. Burns for 
his encouragement and enthusiasm, as well as his vision and accomplish- 
ments, in both the development of stem cell research and its practical 
exploitation. Finally, we thank our authors for agreeing so generously to 
take the time to contribute to this volume, and our families for their 
patience throughout its gestation. 


D.R. Marshak 
R.L. Gardner 
D. Gottlieb 
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STEM CELLS: AN OVERVIEW 


There is still no universally acceptable definition of the term stem cell, 
despite a growing common understanding of the circumstances in which 
it should be used. According to this more recent perspective, the concept 
of “stem cell” is indissolubly linked with growth via the multiplication 
rather than the enlargement of cells. Various schemes for classifying tis- 
sues according to their mode of growth have been proposed, one of the 
earliest of which is that of Bizzozero (1894). This classification, which 
relates to the situation in the adult rather than in the embryo, recognizes 
three basic types of tissues: renewing, expanding, and static. Obvious 
examples of the first are intestinal epithelium and skin, and of the second, 
liver. The third category was held to include the central nervous system, 
although recent studies have shown that neurogenesis does continue in 
adulthood, for example, with regard to production of neurons that migrate 
to the olfactory bulbs (Gage 2000). There are various problems with such 
schemes of classification including, for instance, assignment of organs 
like the mammary gland which, depending on the circumstances of the 
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individual, may engage in one or more cycles of marked growth, differ- 
entiation, and subsequent involution. 

Any attempt to find a universally acceptable definition of the term 
stem cell is probably doomed to fail. Nonetheless, certain attributes can 
be assigned to particular cells in both developing and adult multicellular 
organisms that serve to distinguish them from the remaining cells of the 
tissues to which they belong. Most obviously, these cells retain the capac- 
ity to self-renew as well as to produce progeny that are more restricted in 
both mitotic potential and in the range of distinct types of differentiated 
cells to which they can give rise. However, kinetic studies support the 
notion that in many tissues a further subpopulation of cells with a limited 
and, in some cases, strictly circumscribed self-renewal capacity, so-called 
“transit amplifying” cells, can stand between true stem cells and their dif- 
ferentiated derivatives (see, e.g., Chapters 19 and 22 by Watt and Winton). 
This mode of cell production has the virtue of limiting the total number 
of division cycles in which stem cells have to engage during the life of an 
organism. Unlimited capacity for self-renewal is therefore not normally 
demanded of stem cells in vivo and, indeed, in practice, the distinction 
between stem and transit amplifying cell may be difficult to make. 

“Stem cell,” like many other terms in biology, has been used in more 
than one context since its initial appearance in the literature during the 
19th century. In the first edition of his great treatise on cell biology, E.B. 
Wilson (1896) reserved the term exclusively for the ancestral cell of the 
germ line in the parasitic nematode worm, Ascaris megalocephala. 
Elegant studies by Boveri (1887) on early development in this organism 
revealed that a full set of chromosomes was retained by only one cell dur- 
ing successive cleavage divisions, and that this cell alone gave rise to the 
entire complement of adult germ cells. However, what is clear from more 
recent studies on cell lineage in nematodes is that the developmental 
potential of the germ-line precursor cell clearly changes with each 
successive cleavage division (see Sulston et al. 1983). Hence, neither 
product of early cleavage divisions retains identity with the parental blas- 
tomere, arguing that self-renewal, which is now regarded as a signal prop- 
erty of stem cells, is not a feature of this early lineage. In current 
embryological parlance, what Wilson refers to as a stem cell would be 
classed as a “progenitor,” “precursor,” or “founder” cell. Studies on cell 
lineage in embryos of other invertebrates, particularly various marine 
species, revealed a degree of invariance in the patterns of cleavage that 
enabled the origin of most tissues of larvae to be established. In such 
organisms, somatic tissues were often found to originate from single blas- 
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tomeres. Thus, in many mollusks and annelids, all mesentoblasts and 
entoblasts are descended from the 4d blastomere (Davidson 1986). This 
contrasts with the situation in invertebrates with more variable lineage, 
like Drosophila, and all vertebrates, in which both somatic tissues and the 
germ line normally originate from several cells rather than just one. In a 
general sense, all stem cells qualify as progenitor cells although, as noted 
for the germ line in nematodes, the reverse is not always true. 

That tissues in many species really are polyclonal in origin has been 
demonstrated most graphically by the finding that they can be composed 
of very variable proportions of cells of two or more genotypes in genetic 
mosaics and chimeras (Gardner and Lawrence 1986). In the mouse, the 
epiblast, the precursor tissue of the entire fetal soma and germ line, has 
recently been found to exhibit an extraordinary degree of dispersal and 
mixing of the clonal descendants of its modest number of founder cells 
before gastrulation (Gardner and Cockroft 1998). One consequence of 
such mixing, especially since it is evidently sustained during gastrulation 
(Lawson et al. 1991), is that, depending on their progenitor cell number, 
primordia of fetal tissues and organs are likely to include descendants of 
many or all epiblast founder cells. 

In the remainder of this chapter, we examine the stem cell concept first 
in the general context of embryogenesis, then more specifically in relation 
to neurogenesis, before finally considering the situation in the adult. 


EMBRYOGENESIS 


It is during the periods of embryonic and fetal development that the rate 
of production of new cells is at its highest. Therefore, in considering the 
various functions that increasing the number as opposed to the size of 
cells serve during the life cycle of an organism, it is instructive to begin 
from an embryological perspective. It has been estimated that an adult 
vertebrate may be composed of more than 200 different types of cells. As 
noted earlier, in many organisms each type evidently originates from sev- 
eral progenitor cells rather than just one. Hence, in such organisms, pro- 
duction of a significant number of cells must occur before the process of 
embryonic differentiation begins. 

Development starts with a period of cleavage during which all cells 
are in cycle but do not engage in net growth between divisions so that 
their size is approximately halved at each successive mitosis. It is also a 
period during which S is the dominant phase, even in mammals in which 
the intervals between cleavages are measured in hours rather than minutes 
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(Chisholm 1988). In most species, this initial phase of development 
depends largely or entirely on transcriptional activity of the maternal 
genome before fertilization. Mammals are an obvious exception in this 
regard, with transcription from the zygotic genome beginning by, if not 
before, the 2-cell stage in the mouse (Ram and Schultz 1993), and at most 
only one or two divisions later in other species, including the human and 
cow (Braude et al. 1988; Memili and First 1999). Although the number of 
cleavage divisions is variable even between related species, it seems to be 
invariant within a species. Furthermore, there is no evidence that the con- 
tinued proliferation of cells can be uncoupled from the progressive 
change in their developmental potential or other properties that occurs 
during the cleavage period. Whether this is related to the lower than nor- 
mal nuclear cytoplasmic ratio that obtains during cleavage is not clear, 
although restoration of this ratio to a value typical of somatic cells has 
been implicated in the onset of transcription of the zygotic genome in 
amphibians (Newport and Kirschner 1982). The appearance of extended 
G, and G, phases of the cell cycle seems to coincide with the end of 
cleavage in mammals (see, e.g., Chisholm 1988). 

Even allowing for the maternal provision of nutrients via yolk, there 
are limits to the increase in cell number that can be sustained before cell 
differentiation is required to meet the demands of basic processes such as 
respiration, excretion, and digestion. Essential for the effective operation 
of such processes is, of course, the establishment of a heart and circulation, 
which is therefore invariably one of the earliest systems to function. The 
onset of differentiation is precocious in relation to cell number in species 
with small, relatively yolk-free, eggs. Here there is a need for the embryo 
rapidly to attain independence, or, in the case of eutherian mammals, a 
stage when it is able to satisfy its increasing metabolic needs through 
exploiting maternal resources. Hence, viviparity in mammals involves 
devoting cleavage mainly to the production of cells that will differentiate 
as purely extraembryonic tissues that are concerned with mediating attach- 
ment of the fetus to the mother and its nutrition. These tissues must differ- 
entiate precociously, since it is only when they have done so that develop- 
ment of the fetus itself can begin. Eutherian mammals are also unusual in 
exhibiting the onset of apoptotic cell death as a normal feature of devel- 
opment well before gastrulation. Thus, dying cells are discernible routine- 
ly in the blastocyst and, at least in the mouse, belong mainly if not exclu- 
sively to the ICM rather than the trophectodermal lineage (El-Shershaby 
and Hinchliffe 1974; Copp 1978; Handyside and Hunter 1986). One view 
is that this death reflects cell turnover, because further growth of this inter- 
nal tissue is not sustainable until implantation has occurred (Handyside 
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and Hunter 1986). A further remarkable feature of the early mammalian 
conceptus is its impressive ability to adjust its growth following radical 
loss or gain of cells. Downward size regulation in conceptuses made 
chimeric by aggregation of pairs or larger numbers of entire morulae 
occurs immediately following implantation and is invariably completed 
before gastrulation (Lewis and Rossant 1982; Rands 1986a). Upward reg- 
ulation following loss of cells, typically removal of one blastomere at the 
2-cell stage in the mouse, is not achieved until approximately mid-gesta- 
tion (Rands 1986b). However, an estimated loss of up to 85% of epiblast 
cells shortly before gastrulation following a single maternal injection of 
mitomycin C can also be followed by almost complete restoration of 
growth and near normal development to term (Snow and Tam 1979). It is 
interesting in this context that the very early epiblast has proved to be a 
source of pluripotent cells, so-called embryonic stem (ES) cells. At least in 
the mouse, these cells retain the capacity to contribute both to all somatic 
lineages and to the germ line after an indefinite period of proliferation in 
vitro (for further details, see Chapter 10 by Smith). More recently, cells 
with a marked ability to self-renew in vitro have also been derived from 
the trophectoderm and its polar derivatives in the mouse (see Chapter 12 
by Kunath et al.). These show restriction to the trophectodermal lineage 
following reintroduction into the blastocyst and, from the range of tissues 
to which they contribute, would seem to qualify as multipotential tro- 
phoblastic stem (TS) cells. Whereas the successful derivation of ES cells 
seems to be restricted to a narrow window between the early and late blas- 
tocyst stage, that of TS cells is broader, extending from the blastocyst 
through to well beyond gastrulation (G. Uy, pers. comm.). 

Thus, early in development when growth holds primacy, all cells 
cycle, except for certain precociously specialized ones like those of the 
mural trophectoderm in the mouse that embark on repeated endoredupli- 
cation of their entire genome via polyteny at the late blastocyst stage 
(Brower 1987; Varmuza et al. 1988; Gardner and Davies 1993). However, 
once tissue differentiation begins, the proportion of cells engaged in pro- 
liferation declines and, as is believed to be the case in the central nervous 
system, may largely cease postnatally. Other tissues like skin, blood, and 
intestinal epithelium which are subject to continuous renewal throughout 
life must maintain an adequate number of cells that retain the potential to 
proliferate to make good such losses. This is also true of other tissues like 
the mammary gland that normally engage in more sporadic cycles of dif- 
ferentiation followed by involution during the course of adult life. Hence, 
during the life of a tissue its growth fraction will be expected to be very 
high, possibly unity, early on and then to decline to a value that is suffi- 
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cient to maintain its adult size until aging eventually sets it (see Chapter 
5 by Holliday). Therefore, many tissues are envisaged as being composed 
of two subpopulations of cells, one of which is postmitotic and responsi- 
ble for their physiological activity and a second that retains the ability to 
cycle and is responsible for their growth. As an organism approaches its 
final size, the relative proportions of cells assigned to the two populations 
shift markedly in favor of the former. 

One view as to why such a division of labor exists is that differentiat- 
ed function is incompatible with engagement in mitosis (for discussion, 
see Cameron and Jeter 1971; Holtzer et al. 1972). That this is not true uni- 
versally is evident from the behavior of the extraembryonic endoderm of 
the murine visceral yolk sac placenta. All cells in this tissue are clearly 
differentiated morphologically and biochemically by the time that gastru- 
lation is under way. However, notwithstanding their polarized form with 
apical brush border and system of caveolae, they continue to engage in 
mitosis until a very advanced stage in gestation (R.L. Gardner, unpubl.). 
They are, in addition, very susceptible to reprogramming and, following 
exteriorization of the yolk sac from the uterus, can yield teratomas that 
rival those derived from ES or embryonal carcinoma cells in the range of 
differentiated tissues they contain (Sobis et al. 1993). It should be borne in 
mind, however, that certain differences in the state of the genome between 
cells of wholly extraembryonic tissues and those derived from the epiblast 
or fetal precursor tissue have been discerned (see, e.g., Kratzer et al. 1983; 
Rossant et al. 1986). Hence, there is the possibility that regulation of gene 
expression differs between the wholly extraembryonic lineages and those 
originating from the epiblast. However, retention of the capacity to divide 
by overtly differentiated cells is not unique to extraembryonic tissues. 
Regeneration of the liver following partial hepatectomy is attributable to 
resumption of mitosis by differentiated hepatocytes (see Chapter 20 by 
Grompe and Finegold). Nevertheless, it is conceivable that the nature of 
their differentiated state is the critical factor in determining whether par- 
ticular tissues can grow thus rather than depending on the persistence of 
more primitive precursor cells to enable them to do so. In this context, it 
has been argued, for example, that because their differentiated products are 
readily shed, cells with secretory function can easily engage in mitosis, 
whereas those like muscle that have undergone enduring and complex 
cytoplasmic differentiation cannot (Goss 1978). Again, this is an area in 
which generalization is fraught with difficulty since, despite sharing sim- 
ilar functions with visceral endoderm, the adult intestinal epithelium 
shows obvious partitioning of its growth and differentiation between dis- 
tinct populations of cells (see Chapter 22 by Winton). 
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NEUROGENESIS 


New technical developments in the 1950s allowed major advances in the 
analysis of neurogenesis in the vertebrate nervous system. Replicating 
cells were selectively labeled with tritiated thymidine, and a detailed 
chronology of their withdrawal from the cell cycle to produce adult neu- 
rons and glia was charted. The principal generalization to emerge was 
that, at least in mammals and birds, neural progenitors replicated in the 
embryo only, where they generated the vast majority of neurons that 
would serve the individual throughout adult life. Each region of the CNS 
had a stereotyped schedule for creating postmitotic neurons. Even the dif- 
ferent layers of complex structures such as the cerebral cortex had indi- 
viduated schedules of progenitor cycling and final mitoses leading to neu- 
rons. In a few regions, neurogenesis continued for several weeks after 
birth. Past that period, the production of new neurons was thought not to 
happen in most regions of the CNS. The dentate gyrus of the hippocam- 
pus and the olfactory bulb were among the exceptional areas where pro- 
duction of new neurons persisted into adulthood. Further studies in verte- 
brate animals revealed other fascinating exceptions to this rule. In 
canaries, as in mammals, most regions of adult CNS did not engage in the 
production of new neurons. However, a small group of nuclei exhibited 
neurogenesis in the adult (Kirn et al. 1994). The function of these nuclei 
was especially intriguing (see below). Fish and amphibians were also 
shown to have extensive neurogenesis in the adult. 

The conclusion that mammals receive a fixed allotment of neurons in 
embryogenesis that must last for life shaped contemporary thinking in 
two related disciplines. Those concerned with the mechanism of learning, 
memory, and adaptation of the brain to new experience were compelled 
to rule out any mechanisms in which new neurons joined neural circuits. 
Instead, the basis of memory needed to rest on altering in some way the 
circuits created by neurons present at birth. Interestingly, the neurons gen- 
erated in the brain of the adult canary were discovered to form new cir- 
cuits underlying song production. This was treated as a compelling but 
singular exception to the rule that learning did not involve the production 
of new neurons. However, it was the medical implications of the “no new 
neurons” view that had the greatest impact. Injury to the brain and spinal 
cord from trauma and degenerative processes extracts a devastating toll, 
whether considered from the perspective of the individual patient or of 
society as a whole. Usually large-scale death of neurons is involved. 
Studies of neurogenesis and stem cell function sent a grim message: The 
CNS lacked progenitors to replace neurons lost to disease and trauma. 
Loss of function was consequently irreversible. 
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In the mid-1980s, new technical advances allowed deeper insights 
into progenitors in the mammalian and avian brain. Until that time there 
was no reliable method for discovering the fate of daughter cells of indi- 
vidual progenitors. This technical hurdle was overcome by two elegant 
techniques. One was to infect the developing brain with a replication- 
defective retrovirus (Sanes et al. 1986; Price et al. 1987). Virus infecting 
a progenitor would integrate into the genome and be passed on to all 
descendants. A reporter protein, usually LacZ, was included in the viral 
genome to allow visualization of descendants of the original infected cell. 
The other method was to physically inject stable fluorescent dyes into 
individual progenitor cells. Daughter cells received sufficient dye to be 
visualized. Lineage-tracing studies with both methods produced largely 
concordant results. Individual progenitors were shown to give rise to mul- 
tiple cell types within just a few divisions. For instance, the descendants 
from two replications of a progenitor might include a glial cell and three 
separate types of neurons. There are exceptional cases of progenitors hav- 
ing a more restricted range of daughters. However, by and large, fate 
appears not to be determined by belonging to a pre-specified lineage of 
replicating progenitors. 

The studies reviewed above provided important insights into mam- 
malian CNS stem cells and progenitors at the cellular level. Investigations 
into the molecular regulation of these events were constrained by the 
small size and complexity of the embryonic CNS and the difficulty of 
applying genetic approaches. At this juncture, the genetic power of 
Drosophila proved to be crucial. A large number of mutants exhibiting 
perturbations of early nervous system development were isolated and ana- 
lyzed (for review, see Jan and Jan 1994). Some of these proved to be in 
key genes related to basic aspects of stem cell proliferation, asymmetric 
division, and choice of cell fates. Because many details of progenitor cell 
biology differ between vertebrates and invertebrates, it came as some- 
thing of a surprise that many of the key genes involved were shared across 
these large evolutionary distances. Vertebrate homologs of genes first 
identified in Drosophila were cloned, thus opening a new chapter in the 
analysis of neural stem cells and progenitors. 

Whereas studies in model organisms revealed many of the genes 
underlying stem and progenitor cell function, the view that neurogenesis 
does not occur in adult mammals remained unchallenged until the 1990s. 
Now there are good reasons for re-examining this basic tenet (see Chapter 
18 by Panicker and Rao). First, it has proved possible to culture multipo- 
tent progenitor cells directly from the adult rat and human brain and 
spinal cord. In defined tissue culture medium, these cells grow as com- 
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pact aggregates termed neurospheres (Reynolds and Weiss 1992; for 
review, see Gage et al. 1995; Gage 2000; McKay 2000). Cells in neu- 
rospheres replicate rapidly for many generations while retaining the char- 
acteristics of primitive neuroepithelial cells. Upon plating on an adhesive 
substratum and altering the culture medium, they give rise to glial cells 
and neurons. Derivation of neurospheres from adult brain does not, by 
itself, prove the existence of endogenous progenitors, since the spheres 
might arise by dedifferentiation of a recognized cell type in the brain, per- 
haps under the influence of the cell culture environment. This does, how- 
ever, justify a much closer scrutiny of the evidence behind the concept 
that new neurons are not produced in the adult brain. Very recently, more 
direct data suggesting that there is production of neurons in the adult have 
been published (Gould et al. 1999). They raise a host of questions as to 
the nature of these adult-acquired neurons. How vigorous is the process? 
Do these cells replace dying neurons, or is there a net increase in neuronal 
number? Most crucially, do they form functional circuits, and might these 
subserve newly acquired abilities? Finally, these recent discoveries have 
raised new hopes in the clinical arena. If the brain can acquire new neu- 
rons in normal life, might this power be harnessed to restore the functions 
so tragically lost through traumatic injury and degenerative disease? 


THE ADULT 


As discussed earlier, the notion that stem cells occur during embryogen- 
esis has emerged from both descriptive and experimental studies. The 
case for the existence of such cells rests on three kinds of evidence. First, 
one must account for the enormous expansion of cell number that takes 
place during development to maturity, as well as the hundreds of distin- 
guishable cell types in the adult organism. Second, observations in vivo 
on embryonic tissues of diverse species show that there are cells which 
are capable of producing more of themselves as well as yielding differen- 
tiated progeny. Third is the finding that multipotent, self-renewing cells 
can be isolated from embryonic or fetal tissues, and that such cells exhib- 
it the dual properties of expansion and differentiation ex vivo. 

That stem cells are also still present in postnatal vertebrates is evident 
from the observed continuation of tissue growth and differentiation, 
which is essentially an extension of the latter part of prenatal gestation in 
eutherian mammals. However, in the adult vertebrate (i.e., following sex- 
ual and skeletal maturation), it is somewhat less obvious that stem cells 
should exist at all. Certainly in the male reproductive organs, mature 
gametes can be produced in large numbers throughout life, so at least 
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progenitors, if not stem cells, of such gametes must be present to account 
for the expansion and differentiation. In spermatogenesis, a self-renewing 
population of premeiotic stem cells does appear to persist throughout 
adult life (see Chapter 8 by Kiger and Fuller). These are derived from pri- 
mordial germ cells whose origin and possible mode of specification in 
mammals are discussed in Chapter 9 by Hogan. 

Many somatic tissues, in contrast, do not appear to be growing in a uni- 
directional, developmental sense in the adult, at least upon gross inspection. 
Hypertrophy and atrophy of muscle, enlargement or reduction of fat 
deposits, and cognitive learning in the adult all seem to occur without sig- 
nificant changes in cell number. Rather, these processes are the results of a 
combination of environmental and genetic factors involving behavioral, 
dietary, endocrine, and metabolic events. Therefore, to a first approxima- 
tion, one could doubt any requirement a priori for stem cells in adult 
somatic tissues. Following a century of investigation, however, the weight 
of considerable experimental evidence and observation falls in favor of the 
conclusion that stem cells persist throughout life in many somatic tissues. 

Early evidence that stem cells exist in the somatic tissues of animals 
arose from observations of the regeneration of entire organisms, includ- 
ing the head, from small sections of the Hydra soma (for reviews, see 
Bode and David 1978; Martin et al. 1997). Substantial somatic regenera- 
tion also occurs among other invertebrates, including members of rela- 
tively highly organized groups such as annelids (Golding 1967a,b; Hill 
1970). Limb regeneration can be observed also in insects and, among ver- 
tebrates, this property extends to the amphibians, which can regenerate 
the distal portions of limbs following their amputation (Thornton 1968; 
Brockes 1997). Limb regeneration does not occur under normal condi- 
tions in mammals, but the formation of multiple tissues during wound 
healing is consistent with the concept that mammals have retained pro- 
genitors capable of repairing limited damage to organs. Even a century 
ago, a seminal monograph on wound healing by Marchand (1901) 
described the various cell types that appear during the repair process and 
argued against blood cells serving as progenitors of connective tissues. 

Wound repair is a multistep process that involves the formation of 
blood clots and hematoma to prevent blood loss, immune cell invasion 
and inflammation to prevent infection and remove tissue debris, and the 
recruitment of cells from surrounding tissues to form a repair blastema 
(Allg6wer 1956). Within the blastema, new vasculature and structural tis- 
sues re-form to regenerate the site of the original wound. The structural 
and functional nature of this blastema resembles that of the regenerating 
amphibian limb. Both serve to provide elements of protection from the 
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external environment and to establish a focus of regenerative cells. Both 
require the presence of growth factors to effect repair. For example, the 
amphibian limb must be innervated to be regenerated (for review, see 
Brockes 1997) whereas, in mammals, the extent of regeneration and scar 
tissue formation is governed by the age of the animal and availability of 
polypeptide growth factors belonging to the TGF superfamily (see, e.g., 
Shah et al. 1994). In addition to the parallels between wound healing and 
limb regeneration, many of the cellular steps of tissue repair in mammals 
are reminiscent of those occurring in development. For example, the for- 
mation of bone at sites of fracture repair entails accumulation of a calci- 
fied cartilage that is replaced by bone, much as is seen during endochon- 
dral bone formation during development (Aubin 1998). In Chapter 16, 
Pittenger and Marshak review the evidence for stem cells for various mes- 
enchymal tissues and their relationship with wound healing. Furthermore, 
Flake reviews the use of the fetal sheep as a host for cellular grafting and 
the formation of chimeric mesodermal tissues (see Chapter 17). Such 
observations show that cells isolated from the adult can repopulate devel- 
oping tissues in the fetus, thus affirming their stem cell nature. Among 
endodermal tissues, the mammalian liver can regenerate two-thirds of its 
mass following partial hepatectomy or chemical lesion. However, where- 
as regeneration following partial hepatectomy occurs through limited 
resumption of cycling by hepatocytes, that induced by chemical damage 
is achieved through activation of oval cells associated with the bile ducts. 
These latter cells, which are uniform morphologically and present in 
small number, give rise to multiple cell types within the liver. The origin 
and nature of stem cells in adult liver are reviewed by Grompe and 
Finegold (Chapter 20), and in pancreatic tissue, which is also a source of 
hepatic stem cells, by Kritzik and Sarvetnick (see Chapter 21). 

Apart from wound healing, the most obvious evidence for the persis- 
tence of stem cells in the adult derives from the kinetics of normal tissue 
turnover. The clearest indications of cell turnover are the diverse kinetics 
of the cellular components of blood in which neutrophils may survive for 
hours, platelets for days, erythrocytes for weeks to months, and some 
lymphocytes for years. The existence of hematopoietic stem cells is sup- 
ported by the observation that huge numbers of blood cells continue to be 
produced throughout decades of life, which would be physically impossi- 
ble if the entire complement of the progenitor cells of blood was fixed at 
birth or maturity. Furthermore, the production of blood cells occurs suc- 
cessively at defined locations, in the yolk sac of the early, and liver of the 
later, fetus, and in the bone marrow of the adult, suggesting that there are 
reservoirs of progenitors (for reviews, see Domen and Weissman 1999; 
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Weissman 2000). The essential proof of the existence of such cells comes 
from experiments in which cells derived from bone marrow, mobilized 
peripheral blood, or cord blood can reestablish the entire hematopoietic 
compartment of an animal following its ablation by a lethal dose of radi- 
ation. Moreover, clonal dilution and stem cell competition analyses 
demonstrate that a single cell can repopulate the entire spectrum of blood 
lineages (see Harrison et al., Chapter 6). In Chapter 15, Keller reviews the 
evidence in mammalian development for the hemangioblast, a common 
progenitor both for all blood cells and vascular endothelium, whose exis- 
tence was proposed by Sabin (1920). Orkin (Chapter 13) presents a logi- 
cal ordering of our current knowledge of the hematopoietic stem cell in 
the adult. Flake (Chapter 17) also describes experiments for in utero 
injections of cells into the fetal sheep to trace the fate of both mesenchy- 
mal and hematopoietic stem cells. 

Other observations of cell turnover in the normal adult mammal have 
been made in bone remodeling, which occurs throughout life. Although 
different types of bone turn over at various rates, on average, the entire 
adult human skeletal mass is replaced every 8—10 years. Gut epithelium 
and epidermis are replaced much more rapidly than bone, whereas carti- 
lage turnover, in contrast, is extremely slow in the adult. The replacement 
of brain tissue in the adult, once discounted, has now been demonstrated 
beyond doubt, as discussed by Panicker and Rao (see Chapter 18). Thus, 
tissue homeostasis occurs by production of multiple differentiated cell 
types at very different rates, according to tissue types. 

Some tissue types have assigned stem cells and some have multipo- 
tent stem cells. For example, skeletal muscle has satellite cells that appear 
to be committed to muscle cell phenotype upon differentiation in situ. As 
described by Watt (Chapter 19), certain epithelial cells are regarded as 
stem cells, but are still evidently committed to epidermal differentiation. 
Perhaps stem cells are part of larger repair systems in many mammalian 
tissue types, and possibly in all vertebrate tissues. 

A fundamental question facing cell biology in regard to tissue 
turnover is, Do multiple cell types emerge from predestined cells pro- 
grammed to proliferate as committed cells or from multipotent, highly 
plastic, stem cells? Despite the fact that stem cells may have extensive 
proliferative capacities, as demonstrated in vitro in cell culture, in vivo 
the cells may be quiescent until injury or tissue degradation stimulates the 
regenerative signal. Cells that are committed to a particular lineage are 
often referred to as committed transitional cells. These cells can commit 
following expansion as blast cells, or alternatively, stem cells can prolif- 
erate as multipotent cells. For example, in the hematopoietic system high- 
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ly differentiated lymphocytes, descendants of stem cells, such as B cells 
or activated T cells, divide in clonal fashion to produce the large numbers 
of progeny necessary for their differentiated function (see Chapter 14, 
Melchers and Rolink). This is distinct from the hematopoietic stem cell 
expansion that can occur in vivo or ex vivo as relatively undifferentiated 
cells. Therefore, for each cell and tissue system, understanding the rela- 
tionship between expansion by proliferation and functional commitment 
is important to characterizing the level at which stem cells are active. One 
of the challenges to modern stem cell biology is understanding the molec- 
ular basis of lineage commitment when a cell becomes irreversibly locked 
to a terminal phenotype, despite retaining the full genome. 

Recently, several studies have presented evidence to challenge the 
long-held belief that stem cells which persist after the early embryonic 
stages of development are restricted in potential to forming only the cell 
types characteristic of the tissue to which they belong. There are, for 
example, data showing that oligodendrocyte precursors can revert to the 
status of mutilineage neural stem cells (Kondo and Raff 2000), and that, 
depending on the conditions to which they are exposed, neural stem cells 
retain an even wider range of options (Clarke et al. 2000). In addition, 
hematopoietic stem cells have been found to have the potential to repop- 
ulate liver hepatocyte populations (Lagasse et al. 2000). Both muscle and 
neural tissue appear to be a source of hematopoietic stem cells (Jackson 
et al. 1999; Galli et al. 2000), whereas bone marrow may house muscle 
precursor cells (Ferrari et al. 1998). Moreover, bone marrow stroma, 
which contains mesenchymal stem cells (Liechty et al. 2000), may also 
give rise to neurons and glia (Kopen et al. 1999; Mezey and Chandross 
2000; Woodbury et al. 2000). Indeed, the breadth of lineage capabilities 
for both the mesenchymal stem cells and hematopoietic stem cells of 
bone marrow are subjects of active study and lively debate (Goodell et al. 
1997; Lemischka 1999; Deans and Moseley 2000; Huss et al. 2000; 
Liechty et al. 2000; Weissman 2000). Thus, the field of stem cell biology 
has entered an exciting new era that raises interesting questions regarding 
the significance of cell lineage and germ layers for the process of cellu- 
lar diversification. 
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According to the rules of Mendelian genetics, sister chromatids are 
equivalent, and genes are composed of DNA alone. Violations to both of 
these rules have been discovered, which explain the stem-cell-like pattern 
of asymmetric cell division in the fission yeast Schizosaccharomyces 
pombe. In this review, I highlight key ideas and their experimental sup- 
port so that the reader can contrast these mechanisms, which are not 
based on differential gene regulation, with those discovered in other 
diverse systems presented in this monograph. 


FISSION YEAST AS A MODEL SYSTEM FOR INVESTIGATING 
CELLULAR DIFFERENTIATION 
AT THE SINGLE-CELL LEVEL 


S. pombe is a haploid, unicellular, lower eukaryotic organism whose 
genetics has been studied very thoroughly. Its genome comprises only 
three chromosomes, with DNA content similar to that of the evolutionar- 
ily distantly related budding yeast, Saccharomyces cerevisiae. This organ- 
ism has been exploited as a major system for cell cycle studies as well as 
for studies of cellular differentiation. The single cells of fission yeast 
express either P (Plus) or M (Minus) mating-cell type and divide by fis- 
sion of the parental cell to produce rod-shaped progeny of nearly equal 
size. Yeast cells do not express mating type while growing on rich medi- 
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um. Only when they are starved, especially for nitrogen, do cells express 
their mating type and mate with cells of opposite type to produce transient 
zygotic diploid cells. Normally, the zygotic cell immediately enters into 
the meiotic cell division cycle and gives rise to four haploid spore segre- 
gants, two of P type and two of M type. 

The mating type choice is controlled by alternate alleles of the single 
mating-type locus (mat/). Stable diploid lines can be easily constructed 
by selecting for complementation of auxotrophic markers before the 
zygotic cells are committed to meiosis. The diploids can then be main- 
tained by growth in rich medium, which inhibits meiosis and sporulation. 
Once these cells experience nitrogen starvation, they undergo meiosis and 
sporulation without mating. The sporulation process requires heterozy- 
gosity at mat/. Strains that switch mat/ are called homothallic, and those 
that do not switch are called heterothallic. 

Conjugation in cells of homothallic strains occurs efficiently between 
newly divided pairs of sister cells (Leupold 1950; for review, see Klar 
1992). Switching occurs at high frequency (Egel 1977). The most remark- 
able feature of the system is that switching occurs in a nonrandom fash- 
ion within a cell lineage. Miyata and Miyata (1981) followed the pattern 
of matings between the progeny of a single cell growing under starvation 
conditions, on the surface of solid medium. They found that among the 
four granddaughters of a single cell, a single zygote was formed in 
72-94% of the cases. In no case did they observe two zygotes. The mat- 
ing mostly occurred between sister cells, whereas non-sister (cousin) cells 
mated infrequently. It appeared, therefore, that among the four grand- 
daughters of a single cell, only one had switched. With this procedure, it 
was not possible to determine switching potential of cells past the four- 
cell stage since two of them formed a zygote and underwent meiosis and 
sporulation, so that their future potential could not be ascertained. 
Subsequent studies used diploid cells instead where one homolog con- 
tained a nonswitchable heterothallic mat! allele, whereas the other con- 
tained a homothallic locus. Such a diploid will not sporulate when it is 
homozygous (matlP/matIP or matl1M/matlM) at matl, but will stop 
growing and initiate sporulation once switching produces mat] P/matIM 
heterozygosity. Diploid cells keep on switching regardless of their mat/ 
constitution. In such diploid pedigrees (Egel and Eie 1987; Klar 1990), 
the same rules of switching described for haploids were observed. More 
importantly, one can determine the competence of switching past the 
four-cell stage by microscopically monitoring the competence of individ- 
ual cells to sporulate. Such studies have defined the rules of switching as 
follows (Fig. 1). 
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Figure 1. The program of cell-type switching in S. pombe cell pedigrees. The 
subscripts u and s, respectively, reflect unswitchable or switchable cells. 


RULES OF SWITCHING 


The single-switchable-sister rule: In most cell divisions (80-90% of 
cases) an unswitchable (e.g., Pu) cell produces one Ps (switching- 
competent) and one Pu unswitchable cell like the parental Pu cell. 
Thus, both sisters are never switching-competent. 

The single-switched-daughter rule: Switching-competent Ps cell pro- 
duces one switched and one switching-competent Ps cell in approxi- 
mately 80-90% of cell divisions. Simultaneous switching of both 
daughters is never seen. 

The recurrent switching rule: Like the parental cell, the sister of the 
recently switched cell maintains switching competence in 80-90% of 
cases. Consequently, chains of pedigree result where one daughter in 
each cell division is switched. 

The rule of switched allele is unswitchable: To conform to the one-in- 
four granddaughter pattern, the newly switched allele must be 
unswitchable, although this notion has not been experimentally estab- 
lished. It is supported by the Miyata and Miyata (1981) observation, 
since they never observed two zygotes among four granddaughters of 
a single cell. 

The directionality rule: Since a switchable cell switches to the oppo- 
site mating type in 80-90% of cell divisions, it must be that cells 
show bias in direction of switching such that most switches are pro- 
ductive to the opposite allele rather than undergoing futile switches to 
the same allele (Thon and Klar 1993; Grewal and Klar 1997; Ivanova 
et al. 1998). 


The same rules also apply when M cells switch to P type. Such rules 


lead to the following generalizations. First, the switches are presumed to 
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occur in S or G, phase, such that only one of the two sister chromatids 
acquires the switched information. Second, most cell divisions are devel- 
opmentally asymmetric such that one sister is similar to the parental cell, 
and the other is advanced in its developmental program, a pattern exactly 
analogous to a stem cell pattern of cell division (Chapters 4 and 13). 
Third, altogether, starting from an unswitchable cell, two consecutive 
asymmetric cell divisions must have occurred to produce a single 
switched cell in four related granddaughter cells. 


SWITCHES RESULT FROM GENE CONVERSIONS AT mat? 


The mat! locus is a part of a cluster of tightly linked mat1-mat2-mat3 
genes on chromosome II (Fig. 2). The expressed mat] locus contains 
either matIP or mat1M allele. Because cells containing a haploid genome 
are able to express either mating cell type, both cell types must contain 
sufficient information to interchange mat/ alleles. The mat2P and mat3M 
alleles are silent and are only used as donors of genetic information for 
matl switching. The mat2 gene is located approximately 15 kb distal to 
matl (Beach and Klar 1984), and mat3 is located another 11 kb from 


Transcription and Recombination 
Block 


swi6, rik, 
clrt-4, clr6, 


rhp6, esp1-3 


eeen2 matt mat2-P mat3-M 


H2 P i ney H3H2 Ht H3H2 H1 
@Sap1 15kb 11 kb 
M p 


| | 
DSB ¢ swi3 
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Figure 2. The system of mating-type switching of S. pombe. All the cis- and 
trans-acting elements have been described in the text. Large arrows reflect uni- 
directional transfer of genetic information copied from mat2 or mat3 to mat by 
the gene conversion process. DSB reflects a transient double-stranded break that 
initiates recombination at mati. HI-3 are short DNA sequence homologies 
shared by mat loci. This system shares features with both site-specific and 

homology-dependent recombination mechanisms. 
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mat2, separated by the sequence called the K-region (Grewal and Klar 
1997). The P-specific region is 1104 bp long, whereas the nonhomolo- 
gous M-specific region is 1128 bp long. Very short homologies repre- 
sented by H1, H2, and H3 sequences flank the indicated cassettes (Kelly 
et al. 1988). Each matI allele codes for two transcripts, one of which is 
induced during starvation (Kelly et al. 1988). The mat/ interconversion 
results from a gene conversion event whereby a copy of mat2P or mat3M 
is substituted with the resident mat] allele. Consequently, the differenti- 
ated state is maintained as a genetic alteration that is subject to further 
rounds of spontaneous switching. 


cis- AND trans-ACTING FUNCTIONS REQUIRED FOR SWITCHING 


Southern analysis of yeast DNA indicated that nearly 20-25% of the mat/ 
DNA is cut at the junctions of H1 and the allele-specific sequences (Fig. 
2) (Beach 1983; Beach and Klar 1984). By analogy to the MAT switching 
system where a trans-acting, HO-encoded endonuclease cleaves MAT to 
initiate recombination (Strathern et al. 1982), it was proposed that the 
double-stranded break (DSB) at mat/ likewise initiates recombination. In 
support of this proposal, several cis- and trans-acting mutations were iso- 
lated that reduce the level of the DSB and, consequently, reduce the effi- 
ciency of switching (Egel et al. 1984). Interestingly, the amount of cut 
DNA remains constant throughout the cell cycle (Beach 1983), although 
no study has directly demonstrated that the break actually exists in vivo. 

Several cis-acting deletion mutations in mat/ have implicated mat1- 
distal sequences in formation of the DSB. One mutation, C13P11, 
reduces switching (Egel and Gutz 1981; Beach 1983) and contains a 27- 
bp deletion that includes 7 bp of the distal end of the mat] H1 region 
(Klar et al. 1991). Another mutation, smt-o, totally blocks switching and 
contains a larger deletion in the same region (Styrkarsdottir et al. 1993) 
as well as two sites, called SAS1 and SAS2, which comprise a binding 
site for a protein called Saplp (Arcangioli and Klar 1991). 

Mutations of three unlinked genes, swil, swi3, and swi7, reduce 
switching by reducing the level of the DSB (Egel et al. 1984; Gutz and 
Schmidt 1985). The functions of swiJ and swi3 remain undefined, but 
interestingly, swi7 encodes the catalytic subunit of DNA polymerase a 
(Singh and Klar 1993). This result implicates the act of DNA replication 
in generation of the DSB. Nielsen and Egel (1989) mapped the position 
of the break by genomic sequencing of purified chromosomal DNA. The 
break was defined with 3’-hydroxyl and 5’-phosphate groups at the junc- 
tion of H1 and the allele-specific sequences on one strand, but the break 
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on the other strand could not be defined. Of particular note, strains in 
which both donor loci are deleted and substituted with the S. cerevisiae 
LEU? gene (Amat2,3::LEU2) exhibit the normal level of the DSB, main- 
tain stable mating type, and surprisingly, are viable. 


DSB EFFICIENTLY INITIATES MEIOTIC mat? GENE CONVERSION 
IN DONOR-DELETED STRAINS 


When donor-deleted cells of opposite mating type were crossed (matIP 
Amat2,3::LEU2 x mat1MA mat2,3::LEU2) and subjected to tetrad analy- 
sis, a high rate of mat/ conversion was observed, such that 10% of the 
tetrads were of 3P:1M, and another 10% were of the 1P:3M type (Klar 
and Miglio 1986). When the same cross was repeated with swi3” strains 
that lack the DSB, the efficiency of meiotic mat] gene conversion was 
correspondingly reduced. It was suggested that the DSB designed for 
mitotic mat] switching can also initiate meiotic gene conversion such that 
only one of two sister chromatids is converted, since no 4:0 or 0:4 con- 
versions were observed. This meiotic gene conversion assay tests the 
switching competence of individual chromosomes and was the key tech- 
nique in deciphering the mechanism of mat/ switching in mitotic cells. 


COMPETENCE FOR SWITCHING IS CHROMOSOMALLY BORNE 


Discovering the mechanism by which sister cells gain different develop- 
mental fates is central to understanding eukaryotic cellular differentia- 
tion. The single-cell assay for testing mat] switching, either by mating or 
by determining sporulation ability as discussed above, suggests that the 
developmental decision is imparted to sister cells by cell-autonomous 
mechanisms. It would therefore seem that the switching potential must be 
asymmetrically segregated to daughter cells either through the 
nuclear/cytoplasmic factor(s) or via the DNA template. In the first model, 
essential components, such as those encoded by swi genes, would be 
unequally expressed, differentially stabilized, or asymmetrically segregat- 
ed to daughter cells. In the second model, since the DSB seems to initiate 
recombination required for mat] switching and the break may be chro- 
mosomally inherited, it may be that only one of two sister chromatids is 
imprinted in each cell division, thus differentiating sister cells. The term 
imprinting implies some sort of chromosomal modification such that only 
one of the two sister chromatids is cleaved to initiate recombination. Any 
mechanism, however, must explain not only how sisters acquire different 
development potential, but also how two consecutive asymmetric cell 
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divisions are performed such that only one in four related granddaughter 
cells ever switches. Since the level of the DSB is highly correlated with 
the efficiency of switching, it was reasoned that generation of DSB in 
some cells, but not in other related cells, is the key to defining the pro- 
gram of switching in cell lineage. Should the observed pattern of switch- 
ing in mitotically dividing cells be the result of chromosomal imprinting, 
I hypothesized (Klar 1987, 1990) that the likely candidates to catalyze this 
epigenetic event are the gene functions involved in generating the cut at 
matl, such as those of swil, swi3, and swi7. It has not been possible to 
directly demonstrate the inheritance of the imprint and correlate it to 
switching in mitotically dividing single cells. However, testing meiotic 
matl gene conversion potential of individual chromosomes provided a 
key test of the model. 

Meiotic crosses involving Amat2,3::LEU2 strains generate a high rate 
of mat] gene conversion due to mat] to mat/ interaction by which both 
3P:1M and 1P:3M asci are produced in equal proportion (Klar and Miglio 
1986). Because the spores are haploid and donor-deleted, the recently 
converted allele is stably maintained in meiotic segregants. We presume 
that meiotic mat] gene conversion events are also initiated by the break 
resulting from the imprint at mat]. With the meiotic gene conversion 
assay, it became possible to directly test switching potential of individual 
chromosomes as well as the effect of swil, swi3, and swi7 genotype on 
switching competence. As S. pombe cells mate and immediately undergo 
meiosis and sporulation, the diploid phase exists transiently. The key 
result was that a cross between donor-deleted strains mat]M swi3” and a 
matIP swi3* generated aberrant tetrads, primarily with 3M:1P segre- 
gants, in which only mat1P converted to matiM (Klar and Bonaduce 
1993). On the other hand, if swi3” mutation was present in the matlP 
strain, the mat1M changed to matIP. Similarly, crosses involving a swil” 
or a swi7 parent generated meiotic mat] conversion in which only the 
matl allele provided by the swi* parent gene converted. Thus, clearly (1) 
the competence for meiotic gene conversion segregates in cis with mat; 
(2) the swil*, swi3*, and swi7* functions confer that competence; and (3) 
the presence of these functions in the zygotic cells provided by the swi* 
parent fails to confer the gene conversion potential to the mat! allele that 
was previously replicated in the swi” background. Those meiotic experi- 
ments unambiguously showed that chromosomally imprinted functions 
are catalyzed at mati by the swi gene products at least one generation 
before meiotic conversion. On the basis of these results, we suggest that 
the same imprinted event may form the basis of mitotic switching, result- 
ing in the specific pattern of switching in cell pedigrees. 
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NONEQUIVALENT SISTER CELLS RESULT FROM INHERITING 
DIFFERENTIATED, NONEQUIVALENT PARENTAL 
DNA CHAINS 


If mat! switching is initiated by the DSB, it follows that differentiated sis- 
ter chromatids must be the reason that only one of the sister cells becomes 
switching-competent or ever switches. Restated another way, How is it 
that only one of four descendants of a chromosome switches? To explain 
the one-in-four granddaughter switching rule, we imagined that one of the 
decisions to make a given switch must have occurred two generations ear- 
lier in the grandparental cell (Mu or Pu in Fig. 1). Specifically, a strand- 
segregation model was proposed in which “Watson” and “Crick” strands 
of DNA (Watson and Crick 1953) are nonequivalent in their ability to 
acquire the developmental potential for switching (Klar 1987). It was 
proposed that some swi’ gene functions catalyze a strand-specific 
imprinting event, which in the following cycle will cause switching again 
in a strand-specific fashion. The proposal was that strand-specific 
imprinting allows the DNA to be cut in vivo and switching follows. The 
inherent DNA sequence difference of two strands alone must not be suf- 
ficient, because if it were, each cell would produce one switched and one 
unswitched daughter. To explain the two-generation program of switch- 
ing, imprinting in one generation and switching in the following genera- 
tion was imagined (Klar 1987). It was hypothesized that the imprinting 
event may consist of DNA methylation or some other base modification, 
an unrepaired RNA primer of Okazaki fragments, a protein complex that 
segregates with a specific strand, or a site-specific single-stranded nick 
that becomes DSB in the next round of replication (Klar 1987). 

Several follow-up tests of the strand-segregation model have estab- 
lished this model. First, strains constructed to contain an additional mat] 
cassette placed in an inverted orientation approximately 4.7 kb away from 
the resident mat! locus cleaved one or the other mat/ locus efficiently, but 
never simultaneously in the same cell cycle, as imprinting occurs only on 
one specific strand at each cassette (Klar 1987). Second, as opposed to the 
switching of only one in four related cells in standard strains (Fig. 1), cells 
with the inverted duplication switched two (cousins) in four granddaugh- 
ter cells in 34% of pedigrees (Klar 1990). Third, the inverted cassette also 
followed the one-in-four switching rule and switched in 32% of cases. 
Clearly, in such a duplication-containing strain, both daughters of the 
grandparental cell became developmentally equivalent in at least one-third 
of cell divisions. Thus, all cells are otherwise equivalent, ruling out the fac- 
tor(s) segregation model, and the pattern is strictly dictated by inheritance 
of complementary and nonequivalent DNA chains at mati. It was also 
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hypothesized that the strand-specificity of the imprint may result from the 
inherently nonequivalent replication of sister chromatids due to lagging- 
versus leading-strand replication at mat] (Klar and Bonaduce 1993). 
Suggestive evidence for this idea came from the finding that swi7 impli- 
cated in imprinting (Klar and Bonaduce 1993) in fact encodes the major 
catalytic subunit of DNA polymerase a (Singh and Klar 1993). This poly- 
merase provides the primase activity for initiating DNA replication; thus, 
it is inherently required more for lagging-strand replication than for lead- 
ing-strand replication. Fourth, more recent observations biochemically 
established that the imprint is either a single-stranded and strand-specific 
nick (Arcangioli 1998) or an alkali-labile modification of DNA at mati 
(Dalgaard and Klar 1999). Both of these studies showed that the observed 
DSB is an artifact of DNA preparation created from the imprint at matJ, 
since DNA isolated by gentle means from cells embedded in agarose plugs 
exhibited much-reduced levels of the break. Arcangioli (1998) showed that 
mung bean nuclease treatment of the DNA results in generation of the 
DSB. This result, combined with the primer extension experiments, led 
Arcangioli (1998) to conclude that the imprint is a single-stranded nick 
which persists at a constant level throughout the cell cycle. In contrast, 
Dalgaard and Klar (1999) found both strands at mat] to be intact while one 
of the strands breaks after denaturation with alkali, but not with the 
formaldehyde treatment. Although these biochemical studies are discor- 
dant with each other, nonetheless, both support earlier suggestions and the 
model (Klar 1987, 1990). Combining genetic and biochemical results, the 
strand-segregation model is now clearly established and, henceforth, 
would be referred to as a strand-segregation mechanism. 


THE IMPRINTING MECHANISM 


The DSB was initially discovered when the DNA was prepared with the 
conventional method, which includes a step of RNase A treatment (Beach 
1983; Beach and Klar 1984). All the biochemical studies can be recon- 
ciled should the imprint consist of an RNase-labile base(s). Arcangioli 
(1998) concluded that the imprint must be a single-stranded nick, since 
mung bean nuclease treatment produces the DSB. It should be noted, 
however, that this nuclease also has RNase activity, in addition to DNA- 
cleaving activity at the nick. The alkali-labile site discovered by Dalgaard 
and Klar (1999) is also consistent with the idea that the imprint is proba- 
bly an RNA moiety left unrepaired from an RNA primer that has been 
ligated to form a continuous DNA-RNA-DNA strand. It was previously 
suggested that lagging- versus leading-strand replication may dictate 
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imprinting (Klar and Bonaduce 1993). Dalgaard and Klar (1999) directly 
tested this idea by proposing an “orientation of replication model” where 
it was shown that when mat/ is inverted at the indigenous location, it fails 
to imprint/switch. A partial restoration was obtained if origin of replication 
was placed next to the inverted mat] locus. Furthermore, mat1 was shown 
to be replicated unidirectionally by centromere-distal origin(s) by experi- 
ments defining replication intermediates with the two-dimensional gel 
analysis. These results, combined with the earlier finding that swi7 
encodes DNA polymerase o (Singh and Klar 1993), led Dalgaard and Klar 
(1999) to suggest that the imprint is probably an RNA base(s) added only 
by the lagging-strand replication complex. Alternatively, it may be some 
other base modification conferring alkali lability to one specific strand. 
Both these biochemical studies suggest that the DSB is an artifact of the 
DNA preparation procedure, yet both studies suggest that the imprint leads 
to transient generation of the DSB at the time of replication of the imprint- 
ed strand by the leading-strand replication complex. It is proposed that 
such a transient DSB initiates recombination required for switching mati. 
Because meiotic mat] conversions are only of 3:1 type (Klar and Miglio 
1986) and only one member of a pair of sisters switches (Miyata and 
Miyata 1981), recombination must occur in S or G, such that only one sis- 
ter chromatid receives the converted allele. Even the transient DSB fails to 
cause lethality in donor-deleted strains. In principle, the intact sister chro- 
matid may be used to heal the break (Klar and Miglio 1986). Since recom- 
bination-deficient (swi5 ) strains can also heal the break (Klar and Miglio 
1986), the yeast probably has the capacity to heal the break without recom- 
bination. Two mat/ cis-acting sites located near the cut site and the cognate 
binding factor encoded by sap/ somehow dictate imprinting at matl 
(Arcangioli and Klar 1991). One possibility is that these elements promote 
maintenance of the imprint by prohibiting its repair (Klar and Bonaduce 
1993). In summary, the biochemical results provide evidence for the 
notion that DNA replication advances the program of cellular differentia- 
tion in a strand-specific fashion (Klar 1987, 1990). 

It remains to be determined exactly how the imprint is made. 
Dalgaard and Klar (1999) found DNA replication pausing at the site of 
the imprint. Analysis of DNA replication intermediates around mat/ 
revealed another element located to the left of mati where replication ter- 
minates in one direction and not in the other to help replicate mat] only 
unidirectionally (Dalgaard and Klar 2000). This study showed that swilp 
and swi3p factors act by pausing the replication fork at the imprinting site 
as well as by promoting termination at the polar terminator of replication. 
One possibility is that pausing at the fork helps imprinting by providing 
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sufficient time to lay RNA primer at the imprinting site. Using DNA den- 
sity-shift experiments, Arcangioli (2000) showed that 20-25% of matl 
DNA is replicated such that both strands are synthesized de novo during 
S phase. This work also showed directly that the newly switched mati 
does not have the imprint (i.e., nick), further supporting the strand segre- 
gation model (Klar 1987). 


SILENCING OF THE mat2-mat3 REGION IS CAUSED BY 
AN EPIGENETIC MECHANISM 


A mechanistically very different imprinting event has been shown to keep 
the donor region silent from expression and from mitotic as well as mei- 
otic recombination. Even when another genetic marker, such as ura4, was 
inserted in and around the mat2-mat3 region, its transcription was highly 
repressed. Starting with such a Ura’ strain, several trans-acting factors of 
clr1-4 (clr for cryptic /oci regulator) were identified, mutations of which 
relieve silencing and recombination prohibition of this interval (Thon and 
Klar 1992; Ekwall and Ruusala 1994; Thon et al. 1994). Two other previ- 
ously defined mutations in swi6 and rik/ loci likewise compromise 
unusual properties of this region (Egel et al. 1989; Klar and Bonaduce 
1991; Lorentz et al. 1992). Several other newly identified genes, esp/-3 
(Thon and Friis 1997), rhp6 (Singh et al. 1998), and c/r6 (Grewal et al. 
1998), have also been implicated in silencing. Molecular analysis of these 
trans-acting factors and sequence analysis of the 11-kb K-region between 
mat2 and mat3 loci have suggested that this region is silenced due to orga- 
nization of a repressive heterochromatic structure making this region 
unaccessible for transcription and recombination. First, 4.3 kb of the 11.0 
kb region between mat2 and mat3, called the K-region, shows 96% 
sequence identity with the repeat sequences present in the chromosome II 
centromere (Grewal and Klar 1997). A similar silencing occurs when 
ura4 is placed in centromeric repeat sequences (Allshire 1996). Second, 
swi6 (Lorentz et al. 1994), cir4 (Ivanova et al. 1998), and chp1 and chp2 
(Thon and Verhein-Hansen 2000) encode proteins containing a chromo- 
domain motif thought to be essential for chromatin organization (Singh 
1994). Third, c/r3 and clr6 encode homologs of histone deacetylase activ- 
ities that are certain to influence organization of chromatin structure 
(Grewal et al. 1998). Fourth, accessibility of mat2 and mat3 loci to in vivo 
expressed Escherichia coli dam* methylase is influenced by the swi6 
genotype (Singh et al. 1998). 

Interestingly, when the 7.5-kb sequence of the K-region was replaced 
with the ura4 locus (KA::ura4 allele), the uwra4 gene expressed in a varie- 
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gated fashion (Grewal and Klar 1996; Thon and Friis 1997). Remarkably, 
both states, designated ura4-off and ura4-on epistates, were mitotically 
stable, interchanging only at a rate of approximately 5.6 x 10 “/cell divi- 
sion. Even more spectacularly, when cells with these states were mated 
and the resulting diploid was grown for more than 30 generations and 
then subjected to meiotic analysis, we found that each state was stable and 
inherited as a Mendelian epiallele of the mat region (Grewal and Klar 
1996). Thus, the epigenetic state is stable in both mitosis and meiosis as 
a Mendelian, chromosomal marker. 

To explain this kind of inheritance, we advanced a chromatin replica- 
tion model in which silencing occurs on both daughter chromatids by 
self-templating assembly of chromatin in the mat2/3 region (Grewal and 
Klar 1996). The proposal is that preexisting nucleoprotein complexes pre- 
sumably segregated to both strands of DNA promote assembly of chro- 
matin on both daughter chromatids to clonally propagate and deliver a 
specific state of gene expression to both daughter cells. Two recent stud- 
ies provide support to the chromatin replication model. First, transiently 
overexpressing swi6’ in cells with ura4-on state efficiently changes them 
to ura4-off state; once changed, overexpression is not required to maintain 
the altered state (Nakayama et al. 2000). Second, transiently exposing the 
ura4-off cells to histone deacetylase inhibitor trichostatin A efficiently 
changes them to ura4-on state (Grewal et al. 1998). In both of the change- 
of-state experiments, changes were genetically inherited at the mat region 
and were correlated with the changes in the recruitment of swi6 protein 
to the mat region chromatin (Nakayama et al. 2000). Thus, in this case, 
the committed states of gene expression are inherited epigenetically 
rather than through variations in DNA sequence (Klar 1998; Nakayama 
et al. 2000). 


STRAND-SEGREGATION MECHANISM FOR EXPLAINING GENERAL 
CELLULAR DIFFERENTIATION 


Two important lessons learned from the fission yeast system are that (1) 
by the process of DNA replication developmentally nonequivalent sister 
chromatids can be produced, and (2) stable patterns of gene expression 
can be inherited chromosomally over the course of multiple cell divisions 
akin to the general phenomenon of imprinting so prevalent in mammals. 
The question arises as to whether the first of these mechanisms is only 
applicable to yeast. It is impossible to answer this question because in 
multicellular systems it is not feasible to experimentally test such models 
because developmental potential and segregation of differentiated chro- 
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matids cannot be ascertained at the single-cell level in mitotically divid- 
ing cells. In principle, however, it is possible to imagine that the act of 
DNA replication may modulate activities of developmentally important 
genes in a strand-specific fashion. It is not necessary to expect that such 
modulation occurs only through DNA recombination as found in yeast; it 
could rather be due to differential organization of chromatin structure of 
sister chromatids from both homologs in diploid organisms. (I never liked 
the idea of DNA methylation being the primary mechanism of imprinting 
and gene regulation.) Once established, these states may be maintained 
through multiple cell divisions akin to the epigenetic control operative in 
the K-region of mat2/3 interval (Grewal and Klar 1996). To produce the 
stem-cell-like pattern, we then propose that the differentiated chromatids 
from both homologs have to be segregated nonrandomly to daughter cells 
by yet another mechanism such that one daughter cell will inherit chro- 
mosomes with the developmentally important gene in an active state, 
while the other cell inherits an inactive state. Which daughter will get 
which sets of chromosomes will have to be influenced by other axes of the 
developing system, such as a dorsoventral axis. Such a proposal has been 
made to explain the left-right axis determination of visceral organs of 
mice (Klar 1994). It is proposed that the iv gene (for situs inversus) prod- 
uct functions for nonrandom segregation of sister chromatids to daughter 
cells at certain cell division during mitosis whenever the left-right deci- 
sion is distributed during embryogenesis. Interestingly, the iv mutant pro- 
duces randomized mice such that half of the mice have the heart located 
on the left side, and the other half have situs inversus such that the heart 
is on the right side of the body (Layton 1976). Recently, it was found that 
the iv gene encodes dynein, which is a molecular motor that functions to 
move cargo on microtubules (Supp et al. 1997). Of course, the alternate, 
accepted but not yet proven, model to explain the behavior of the iv” 
mutant mice is that the mutation causes random distribution of a hypo- 
thetical morphogen-producing center, which in iv’ mice is localized only 
to one side of the body (Brown and Wolpert 1990). However, the nature 
of the morphogen, the mechanism of its graded distribution, and the 
localization of the morphogen production to only one side remain unde- 
fined. Consequently, the morphogen model is only descriptive, because it 
does not suggest experimental tests to scrutinize its validity. This is not to 
say that the opportunity for a morphogen-like mechanism does not exist 
elsewhere in biology. For example, there is ample evidence that such a 
mechanism operates in the rather unusual development of Drosophila. 
Because the Drosophila egg is very large compared to most cells, the 
graded distribution of egg constituents is required to ensure such a mech- 
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anism. In most other developmental systems, decisions are probably made 
right from the first zygotic cell division such that the sister cells are non- 
equivalent in their developmental potential. New decisions for regulating 
developmentally important genes may be made at each cell division. 
Clearly, investigation of more model systems is needed to ask fundamen- 
tal questions of specification and distribution of developmental decision 
in multicellular systems. Another case where such a mechanism may be 
operative is development of human brain laterality such that in most indi- 
viduals the left hemisphere of the brain is specified to process language, 
while the right hemisphere processes emotional information. It is specu- 
lated that a genetic function, analogous to that of the iv’ function for mice 
visceral specification, may have evolved for nonrandom segregation of 
Watson and Crick strands of a particular chromosome (Klar 1999). Thus, 
chromosomal rearrangements or defects in the hypothesized RGHT gene 
may predispose individuals to develop bilaterally symmetrical brains, 
causing psychiatric disorders such as schizophrenia and manic-depressive 
disease. In circumstantial support for the strand-segregation mechanism, 
segregation of sister chromatids in embryonic mouse cells (Lark et al. 
1966) and in mouse epithelial cells (Potten et al. 1978) is shown to be 
nonrandom. 


PROGRAM OF CELL-TYPE SWITCHING OF BUDDING YEAST COMPARED 
WITH THE FISSION YEAST SYSTEM 


The stem cell pattern of cell type change is also observed with the evolu- 
tionarily distantly related yeast S. cerevisiae. Analogous studies with this 
system have yielded a wealth of knowledge regarding mechanisms of 
silencing, recombination, cell-type determination, and cell-lineage speci- 
fication. Both of these yeast systems have become models to address fun- 
damental questions of cellular differentiation. The budding yeast system, 
in fact, has become a classic textbook case. Most interestingly, the details 
of the molecular mechanisms of both systems vary in fundamental ways 
at every level; lessons learned from both systems should be taught to 
future biologists. 

The budding yeast cells inherently divide asymmetrically by budding 
in which the older (mother) cell pinches off a small (daughter) cell. The 
daughter cell gains in size by growing in the longer G, phase before it 
starts its division cycle, while the mother cell initiates the next cycle right 
away. The two sexual types of S. cerevisiae are designated a and a, which 
are correspondingly conferred by the MATa and MAT« alleles of the mat- 
ing-type locus. These two cell types efficiently interchange, and the 
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changed cells of opposite mating type establish a MATa/MAT« diploid 
phase in which further switching is prohibited by heterozygosity at MAT 
(for review, see Herskowitz et al. 1992). Cells of the diploid phase under 
starvation conditions undergo meiosis to produce two a and two & spore 
segregants, which will repeat the switching process to establish diploid 
colonies. Thus, budding yeast exists primarily in diploid phase, while fis- 
sion yeast predominantly exists as a haploid culture. 

MAT switching also occurs by a gene conversion process where the 
resident MAT allele on chromosome III is replaced by a copy of the donor 
locus from HMLo or from HMRa. The donor loci are located more than 
120 kb away, one to the left and the other to the right of MAT, on opposite 
arms of chromosome III. Only MAT is expressed, while both HM loci are 
kept unexpressed by several trans-acting factors encoded by MAR/SIR 
loci (Ivy et al. 1986; for review, see Holmes et al. 1996). 

As with any other feature of this system, the program of switching of 
S. cerevisiae is drastically different from that found in S. pombe. Notably, 
only mother cells switch in G,, with each mother producing both switched 
daughters. The recombination event is initiated by a transient DSB at 
MAT (Strathern et al. 1982) by the expression of HO-gene-encoded site- 
specific endonuclease only in mother cells. Many trans-acting factors are 
required for expression of HO. One such factor is ASH] message, which 
is differentially localized to the daughter cells where it acts as a negative 
regulator of HO expression (Long et al. 1997; Takizawa et al. 1997). Thus, 
totally different strategies are used by these yeasts to control the program 
of cellular differentiation; the fission yeast uses a mat/ cis-acting strand- 
specific imprinting mechanism, whereas the budding yeast uses the more 
conventional differential regulation of the trans-acting HO-endonuclease 
gene to initiate recombination required for switching. Likewise, silencing 
mechanisms are also quite different in these yeasts. 

The overall strategy of both yeasts involves DNA recombination, but 
mechanisms are very different and complementary. Since the sequences 
of mating-type loci are very different, it is not surprising that these yeasts 
have evolved very different molecular mechanisms for switching and 
silencing. I suspect that Darwinian evolution is not only based on diver- 
gence of DNA sequence; it may also be based on evolution of biological 
principles. For example, in the case of evolution of the mating-type sys- 
tem in both yeasts, first duplication of unrelated sequences in different 
yeasts is required. Once that happens, evolution of any mechanism pro- 
moting site-specific initiation of recombination in one and silencing of 
the other duplicated segment would create the opportunity for a process 
such as mating-type switching. Once additional model systems are inves- 
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tigated, more strategies will be discovered. For example, haploid cloned 
lines of malaria parasites produce both male and female haploid gameto- 
cytes (Alano and Carter 1990). Is sex switching going on there similar to 
the phenomenon of sex change of yeast? 


CONCLUDING REMARKS 


In both yeasts, an individual cell serves as a somatic as well as a gametic 
cell. Thus, it is expected that developmental decisions operative in these 
systems in both mitosis and meiosis can be investigated with the applica- 
tion of sophisticated tools at the single-cell level. In both yeasts, the pro- 
gram of cellular differentiation is due to very different but cell- 
autonomous controls. Furthermore, the mechanism of silencing is best 
understood in these systems. From the studies of S. pombe, it can be stat- 
ed that mitotic chromosome replication does not always produce identical 
daughter chromosomes. This is not to say that Mendel’s law of segrega- 
tion of genes or the law of gene assortment is violated. Rather, Mendel’s 
laws apply only to chromosome and gene segregation during meiotic divi- 
sion, but production of nonequivalent sister chromatids during replication 
occurs in mitotically dividing cells of fission yeast. We could consider 
this as the Law of Nonequivalent Sister Chromatids. Unlike many other 
systems reported in this monograph, it is worth stressing that production 
of nonequivalent chromatids or maintenance of specific epigenetic state 
through cell division does not require differential gene regulation of 
upstream regulators. Such mechanisms are likely to be prevalent in other 
systems of cellular differentiation. 
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The original concept of equivalence groups arose from a series of cell 
ablation studies in the nematode Caenorhabditis elegans (Kimble et al. 
1979; Sulston and White 1980; Kimble 1981). One of the organs studied 
was the vulva, the egg-laying structure of female and hermaphrodite 
nematodes, which derives from a group of six precursor cells (VPCs, 
vulva precursor cells) organized in a linear array in the ventral ectoderm 
(Sulston and Horvitz 1977). Although only three of the VPCs normally 
give rise to vulval tissue, laser ablation of these cells causes the remain- 
ing three, which would become hypodermal cells, instead to adopt a vul- 
val fate and give rise to a normal vulva (Sulston and White 1980; Kimble 
1981; Sternberg and Horvitz 1986). Similarly, by ablating each of the 
VPCs, individually or in combination, and analyzing the behavior of the 
remaining cells, these studies showed that all six VPCs are capable of 
becoming any of the three precursor cell types that give rise to the mature 
vulva. The six VPCs are therefore multipotential, and since they can 
replace each other, they are defined as an “equivalence group” (Kimble et 
al. 1979). These studies have also shown that there is a clear hierarchy of 
cell-fate decisions within an equivalence group, where a default or pri- 
mary fate has precedence over the other alternative fates: If the cell that 
would acquire the primary fate is removed, one of the other cells in the 
equivalence group will replace it and become the primary cell. However, 
the converse is usually not observed, revealing a clear priority in cell fates 
within the group (Kimble 1981). 

Cell ablation studies in leeches (Weisblat and Blair 1984; Huang and 
Weisblat 1996), grasshoppers (Doe and Goodman 1985; Kuwada and 
Goodman 1985), and ascidians (Nishida and Satoh 1989) have demon- 
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strated the existence of equivalence groups with similar properties in 
these animals. Another example of equivalence groups is the proneural 
clusters in Drosophila melanogaster (Simpson and Carteret 1990), 
groups of ectodermal cells in the fly embryo with the potential to adopt a 
neural fate, some of which will indeed become part of the fly nervous sys- 
tem while others give rise to epidermis. 

For vertebrate embryologists, the concept of equivalence groups is 
somewhat different, being defined as groups of cells with similar potential 
and which are going through a common fate decision process. A good 
example is the inner cell mass of the mouse embryo, composed of cells 
that are identically multipotential and that, through intercellular signaling, 
will diversify to give rise to the different cell lineages in the embryo. The 
developing embryo can thus be viewed as an organized array of spatial 
compartments, each composed of cells with similar potential and that con- 
stitute equivalence groups. Cells within each group adopt different devel- 
opmental decisions and possibly give rise to smaller equivalence groups, 
each with a distinct set of restricted developmental options. However, the 
members of a given equivalence group are not necessarily clonally related; 
as the embryo develops, there is extensive cell mixing and migration, and 
cells with different ancestries can, at a certain point of their developmen- 
tal history, come to share the same spatial compartment in the embryo and 
respond to a given signal with a similar set of developmental options. 

The vertebrate and invertebrate concepts can be combined into a 
more comprehensive definition of equivalence group, which should 
include any group of cells with similar developmental potential but whose 
members may subsequently adopt different cell-fate decisions. This leads 
to one of the most interesting questions in developmental biology: How 
do equivalent cells come to adopt different developmental decisions? 

In brief, this can be dictated by lineage or, more often, results from 
intercellular signaling. If the signals arise from cells within the equiva- 
lence group, the process can be described as “lateral signaling,” whereas 
if the signal is provided from cells not belonging to the equivalence 
group, the process is usually described as “induction” (Greenwald and 
Rubin 1992). The two processes, lateral signaling and induction, can be 
coupled, however, as lateral signaling is often used to limit the number of 
cells in an equivalence group that adopt a given decision in response to an 
inductive signal. 


A DECISION IN CLOSED CIRCUIT: THE AC/VU DECISION 


The analysis of a particular cell-fate decision in the developing C. elegans 
gonad, namely the choice between two alternate fates, anchor cell (AC) or 
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ventral uterine precursor cell (VU), provides the simplest example of an 
equivalence group, with just two cells with identical potential. Signaling 
between these cells is used to specify different fates without apparent 
interference from extrinsic signals, and the cell-fate choice seems com- 
pletely stochastic: In 50% of the cases, one cell becomes AC and the other 
VU, and in the other 50%, the reverse situation is observed (Kimble and 
Hirsh 1979). Nevertheless, the primary fate seems to be AC: If one of the 
two cells is ablated, the other always becomes AC (Kimble 1981). 
Additionally, if the two precursor cells are separated, both adopt an AC 
fate (Hedgecock et al. 1990). The acquisition of a VU fate must therefore 
depend on a signal from AC, involving direct cell-cell contact. Genetic 
studies led to the conclusion that this signal is mediated through the LIN- 
12 receptor (Greenwald et al. 1983; Yochem et al. 1988), a molecule 
belonging to the Notch family of receptors, and its ligand LAG-2 (Lambie 
and Kimble 1991; Henderson et al. 1994; Tax et al. 1994). In mutants 
where the LAG-2/LIN-12 signaling fails, both precursor cells become 
AC, whereas constitutive LIN-12 signaling leads to both becoming VU 
(Greenwald et al. 1983; Greenwald and Seydoux 1990; Lambie and 
Kimble 1991; Fitzgerald et al. 1993; Struhl et al. 1993). Furthermore, 
mosaic analysis where cells with no LIN-12 activity confront wild-type 
cells has shown that the LIN-12 (—) precursor cell always becomes AC 
(Seydoux and Greenwald 1989), clearly indicating that LIN-12 is neces- 
sary in the VU precursor to receive the VU-specifying signal (mediated 
by the ligand LAG-2). 

Analysis of the expression of the /in-12 and lag-2 genes has shown 
that initially both precursor cells have identical expression levels of the 
two genes and that, as the decision takes place, the AC cell comes to 
express only /ag-2, and the VU cell only /in-12 (Wilkinson et al. 1994). 
Thus, from an initially equivalent situation, one reaches a situation where 
the AC precursor becomes the signaling cell and the VU precursor the 
receiving cell. This seems to result from the amplification of a small, ran- 
dom fluctuation in the levels of the signal or the receptor (or both) 
between the two cells, through a feedback mechanism involving the activ- 
ity of the /ag-2 and lin-12 genes (Seydoux and Greenwald 1989). This 
mechanism seems to rely on the fact that LIN-12 activity both increases 
the transcription of its own gene and represses /ag-2 transcription 
(Wilkinson et al. 1994). The end result is that the cell with an initially 
higher level of LIN-12 activity will produce more and more receptor (and 
less and less signal) and become the receiving cell (VU). Conversely, as 
the AC precursor receives less signal from the VU precursor, it will have 
lower levels of LIN-12 and produce more and more LAG-2 signal itself, 
thus becoming the signaling cell. 
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The AC/VU decision has been taken as a paradigm for an instructive 
role of LIN-12 signaling: The AC-derived LAG-2 signal is deemed to spec- 
ify (instruct) the other cell as VU. Hence the description of LAG-2/LIN-12 
signaling as “lateral specification” (Greenwald and Rubin 1992). The alter- 
native view (“lateral inhibition”) would be that LAG-2/LIN-12 signaling 
acts to modulate the competence of the VU precursor cell, restricting its 
ability to adopt the AC fate and thus driving the cell to the VU fate. Both 
precursor cells are predetermined to become AC or VU, and the LAG-2 sig- 
nal is needed merely to select the VU fate from the narrow repertoire of 
options (AC or VU) that the putative VU precursor is allowed by its devel- 
opmental history. 

This simple equivalence group constitutes a good example of how 
equivalent cells come to acquire different fates through direct cell-cell 
interactions, mediated by the Notch/LIN-12 signaling pathway. In this 
particular case, there seems to be absolutely no programmed difference 
between the two equivalent cells. A random, small difference in signaling 
activity between the two precursors suffices to create the initial asymme- 
try, which is then amplified by the intercellular feedback mechanism. 
This results in a truly stochastic decision, where the two equivalent cells 
sort themselves out without any interference from other signals. However, 
such an indeterminancy is actually very rare in C. elegans development, 
and even in closely related nematode species, the AC/VU decision is not 
stochastic (Felix and Sternberg 1996). Although in some of these species 
the two precursor cells still constitute an equivalence group (laser ablation 
of the presumptive AC cell causes the other cell to alter its normal fate 
(VU) and become instead AC (Felix and Sternberg 1996), one of the two 
cells is already biased to become AC. There should therefore exist an ear- 
lier asymmetry imposing a bias in signaling and a fixed outcome on the 
decision, a more common situation throughout development. 


THE VULVA EQUIVALENCE GROUP: LATERAL SIGNALING 
WITH A BIT OF SPICE 


The vulval equivalence group is composed of six precursor cells (VPCs, 
numbered P3.p—P8.p) which are multipotent and can respond to an induc- 
tive signal from the somatic gonadal AC cell, adopting any of three fates: 
1°, 2°, or 3° (Fig. 1) (Sulston and Horvitz 1977; Sternberg and Horvitz 
1986). The initial establishment of the vulva equivalence group seems to 
be induced by Wnt signaling, acting through the Hox gene /in-39 to spec- 
ify the six equivalent VPCs (Eisenmann et al. 1998). These cells are lined 
up in the ventral epidermis, along the anterior—posterior axis, underlying 
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Figure I The six cells of the vulva equivalence group are organized in a linear 
array in the ventral ectoderm, underlying the AC cell. In normal development, the 
P6.p cell, which is directly under the AC, adopts the primary (1°) fate and gives 
rise to eight vulval cells, whereas the two immediate neighbors (P5.p and P7.p) 
adopt the secondary (2°) fate and each generate seven descendants that also make 
vulval tissue. The three cells more distant from AC (P3.p, P4.p, and P8.p) adopt 
a non-vulval fate (3°) and become part of the surrounding hypodermis (Sulston 
and Horvitz 1977). 


the AC cell. In normal development, the P6.p cell, which is directly under 
the AC, adopts the primary (1°) fate and gives rise to eight vulval cells, 
while the two immediate neighbors (P5.p and P7.p) adopt the secondary 
(2°) fate and each generate seven descendants that also make vulval tis- 
sue. The three cells more distant from AC (P3.p, P4.p, and P8.p) adopt a 
non-vulval fate (3°) and become part of the surrounding hypodermis 
(Sulston and Horvitz 1977). 

Removal of the AC cell results in a vulvaless worm as P5.p, P6.p, and 
P7.p all adopt a 3° non-vulval fate (Fig. 2a), revealing the need for a sig- 
nal from AC to induce vulval fates (Kimble 1981). Genetic screens for 
vulvaless phenotypes led to the characterization of the signaling cascade 
responsible for the inducing activity, which involves an activating signal 
restricted to AC (LIN-3, an EGF-like ligand), a tyrosine-kinase receptor 
(LET-23), and a downstream RAS-MAP kinase cascade present in all six 
VPCs (for review, see Horvitz and Sternberg 1991; Kornfeld 1997; 
Sternberg and Han 1998). Whereas loss-of-function mutations in any of 
the genes encoding components of this cascade result in vulvaless pheno- 
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types, constitutive activation of the pathway in the six equivalent cells 
leads to multivulva phenotypes, as all six VPCs adopt vulval fates (1° and 
2°) (Beitel et al. 1990; Han et al. 1990; Hill and Sternberg 1992). Since 
the three most distal VPCs, P3.p, P4.p, and P8.p, don’t normally adopt a 
vulval fate, this suggests that another signal, most likely derived from the 
syncytial hyp7 hypodermal cell which surrounds the VPC equivalence 
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Figure 2 (See facing page for legend.) 
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group, may normally block these three distal VPCs from responding to 
the AC inducing signal (Fig. 2b) (Herman and Hedgecock 1990). In fact, 
the presumed hyp7 signal seems to function by negatively regulating a 
significant basal activity of the LET-23 receptor on the six VPCs, which 
is overcome only in the three most central cells receiving the LIN-3 acti- 
vating signal (Ferguson et al. 1987; Clark et al. 1992; Huang et al. 1994b). 
In this way, by using two opposing signals, a first distinction is made 
between the six equivalent VPCs, generating two nonequivalent groups of 
three cells each, the central group giving rise to the actual vulva and the 
three most lateral cells incorporating into the surrounding hypodermis by 
fusion with the hyp7 cell. This is a good example of how two signals 
extrinsic to the equivalence group act to partition it into two smaller 
groups of cells, each already with a more limited set of developmental 
options. 

The three VPCs in the central equivalence group will then choose 
between 1° and 2° fates, ending with a 2°-1°-2° pattern of cells, from 
which the vulva will develop (Sulston and Horvitz 1977). Contrary to the 
stochastic AC/VU decision, this is a clearly biased decision in which the 
cell closest to the AC adopts the 1° fate and the neighbors adopt the 2° 
fate. Analysis of various types of mutants affecting vulva development 
indicate that two signaling events are necessary to correctly pattern the 
three cells, one arising from outside the equivalence group (LIN-3 from 
AC) and the other involving lateral signaling between the three equivalent 
cells, mediated by the LIN-12 receptor (for review, see Horvitz and 
Sternberg 1991; Kenyon 1995; Kornfeld 1997). As described above, AC 
removal leads to vulvaless animals due to the absence of 1° and 2° fates, 


Figure 2 The various signals and models to explain the final pattern of cell fates 
in the C. elegans vulva. (a) Removal of the AC signaling cell leads to a vulvaless 
phenotype as all six cells acquire a 3° fate. (6) In the absence of the vulva- 
inhibitory signal from the large hyp7 signal, all six VPCs give rise to vulval cells 
(a multivulva phenotype). (c) In /in-/2 mutants, the three central equivalent cells 
all acquire the default 1° fate. (d) In the absence of both the hyp7 and AC signals, 
no initial asymmetry is established, but LIN-12 signaling alone is still able to 
class the VPCs into different fates and create an ordered, although variable, pat- 
tern. (e) In the graded signal model, different amounts of the LIN-3 signal cause 
different cell responses and induce different fates in the three central VPCs. (f) In 
the sequential signal model, the AC signal would specify P6.p to become 1° and 
this cell would then produce another signal, mediated by LIN-12, to specify a 2° 
fate in the neighboring P5.p and P7.p cells. (Adapted from Horvitz and Sternberg 
1991.) 
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indicating that LIN-3/LET-23 signaling is necessary, directly or indirect- 
ly, to induce both these fates (Sulston and White 1980; Kimble 1981). On 
the other side, /in-12 is necessary only to establish 2° fates: Loss-of-func- 
tion mutations in /in-12 have the result that no VPC acquires a 2° fate 
(Fig. 2c), whereas gain-of-function mutations could lead all VPCs to 
adopt the 2° fate (in these mutants, AC is absent due to a previous effect 
of the mutation on the AC/VU decision, as described above) (Greenwald 
et al. 1983). Expression studies (Wilkinson and Greenwald 1995; Levitan 
and Greenwald 1998) have shown that the LIN-12 protein is initially 
present in all six VPCs but is specifically reduced in the P6.p cell acquir- 
ing the 1° fate, most likely as a consequence of activation of the RAS sig- 
naling cascade in this cell by the AC-derived LIN-3 signal. 

Two main models have been put forward to explain the interplay 
between the LIN-3/LET-23 and LIN-12 signaling pathways and how they 
contribute to the final pattern of 2°-1°-2° cell fates. In the graded signal 
model (Fig. 2e) (Sternberg and Horvitz 1986; Horvitz and Sternberg 
1991; Katz et al. 1995), LIN-3 is proposed to function as a morphogen, 
with high levels of LIN-3 inducing a 1° fate on the cell directly under- 
neath the AC (P6.p), whereas neighboring cells (P5.p and P7.p) that 
receive less signal would acquire a 2° fate. The function of LIN-12 sig- 
naling would be to reinforce the initial asymmetry imposed by the LIN-3 
graded signal, ensuring that the 1° fate is adopted by only one of the three 
equivalent cells and that a final 2°-1°-2° pattern is established. 

In the sequential signaling model (Fig. 2f) (Sternberg 1988), the AC 
signal would specify P6.p to become 1° and this cell would then produce 
another signal, mediated by LIN-12, to specify a 2° fate in the neighboring 
P5.p and P7.p cells. This model is supported by the analysis of /et-23 
genetic mosaics (Koga and Ohshima 1995; Simske and Kim 1995), which 
revealed that LET-23 signaling in P5.p and P7.p is not necessary for these 
cells to acquire a 2° fate (a P5.p or P7.p VPC without LET-23 activity can 
still become 2°, provided that it is flanked by a 1° cell). This constitutes a 
strong argument against the graded model, where intermediate levels of 
LIN-3/LET-23 signaling are predicted to induce 2° fates. Instead, LIN-3 
will be directly relevant only to the acquisition of a 1° fate, and its require- 
ment for 2° fates (since both 1° and 2° cells are indeed absent in LIN-3 
mutants) can be explained by the postulated activity of LIN-3/LET-23 sig- 
naling in stimulating the expression of the LIN-12 ligand in the P6.p cell. 
In this model, LIN-12 activity would have an instructive role in specifying 
the 2° fate and the interaction between the 1° and 2° cells could be unidi- 
rectional, without any need to invoke the intercellular feedback loop pro- 
vided by the LIN-12 pathway, as described for the AC/VU decision. 
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RESPECTING THE HIERARCHY 


A common characteristic of the AC/VU and the VPC equivalence groups 
is the striking sequential hierarchy of cell-fate decisions; the VU fate 
depends on AC and the 2° fate on the 1° fate. This could mean that there 
is a common pathway to 1° and 2° fate specification and that the 2° deci- 
sion only happens after the 1° decision. Actually, it is known that the LIN- 
3 signal acts before the LIN-12 signal, the first during the G, phase of the 
VPC cycle and the second functioning later at G, (Wang and Sternberg 
1999). LIN-3/LET-23 signaling could therefore be acting to drive the 
VPCs into a 1°/2° state of competence, which accords with the fact that 
these cells are equivalent and multipotential (capable of becoming 1° or 
2°). What would be the role of LIN-12 signaling in the decision? 

A simple way to integrate the two signaling pathways is to suppose 
that LIN-3/LET-23 signaling positively regulates the expression or activ- 
ity of the presumed ligand for LIN-12 in the VPCs. Given the graded dis- 
tribution of the LIN-3 signal between the three VPCs (Katz et al. 1995), 
the P6.p cell directly underlying the AC would receive more LIN-3 signal 
and consequently express more LIN-12 ligand than its neighbors P5.p and 
P7.p. This asymmetry is then amplified through an intercellular feedback 
mechanism similar to the one acting during the AC/VU decision, where- 
by the P6.p cell will produce more and more signal (and less receptor), 
while the flanking cells (P5.p and P7.p) will down-regulate signal pro- 
duction, increase receptor activity, and become net receivers. In this way, 
small differences in LET-23 activation between the three VPCs are trans- 
lated into an all-or-none situation where one cell predominantly signals 
the others, thereby establishing a definitive asymmetry within the equiv- 
alence group. The role of LIN-12 signaling in the process would be to 
selectively repress the 1° fate in the receiving P5.p and P7.p cells, which 
follow instead the 2° pathway, whereas the P6.p cell escapes LIN-12 sig- 
naling and can therefore adopt the 1° fate. Consistent with this mecha- 
nism, there is indeed evidence that LIN-12 expression is down-regulated 
in the P6.p cell acquiring the 1° fate (Levitan and Greenwald 1998). 

The integration of the two pathways, mediated by LIN-3/LET-23 and 
by LIN-12, will therefore result in a correct 2°-1°-2° pattern of cell fates 
and a normal vulva. The main function of LIN-3/LET-23 signaling would 
be to drive VPCs into a common 1°-2° pathway of cell-fate specification, 
where the 2° fate is only possible when the 1° fate is repressed, thus com- 
plying with the observed hierarchy of cell fates. As in the AC/VU deci- 
sion, LIN-12 signaling would again have a selective role, repressing the 
1° fate rather than promoting the 2° fate. This is supported by the finding, 
in the mosaic experiments described above (Koga and Ohshima 1995), 
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that one can obtain 1° cells flanked by 3° cells, which should not happen 
if LIN-12 is specifying 2° fates. 

One can then explain why in the absence of both the hyp7 and AC 
signals, a pattern of alternated 2° and 1° fates usually occurs (2°-1°-2°-1°- 
2°-1° or 1°-2°-1°-2°-1°-2°; see Fig. 2d) (Sternberg 1988; Sternberg and 
Horvitz 1989). In these animals, the basal LET-23 signaling activity 
would identically affect all six VPCs (since there is no external bias), 
pushing all of them into the 1°-2° pathway. LIN-12 signaling would then 
act to amplify any small differences in LET-23 activity (or in LIN-12 
activity itself) that might exist between the cells, through its characteris- 
tic intercellular feedback loop affecting receptor and ligand transcription 
(Seydoux and Greenwald 1989; Wilkinson et al. 1994). The final result is 
that cells alternate in becoming richer in signal and poorer in receptor and 
vice versa, thus originating a pattern of alternated 1° and 2° cell fates. 
Therefore, starting from an apparently homogeneous field of six equiva- 
lent cells, LIN-12 signaling could still sort these cells into different fates 
and create an ordered, although variable, pattern. 

This process of cell specification in the vulva equivalence group is 
obviously more complex than the AC/VU decision. Here, six cells have to 
choose between three unique fates, in a process that involves three differ- 
ent signaling events and has a fixed outcome. Despite the uncertainties 
about the molecular mechanisms, this equivalence group nevertheless 
illustrates well how the combined action of inductive signaling and lateral 
signaling contributes to the nonstochastic assignment of correct fates with- 
in the group. In the process, inductive signaling imposes a strong bias on 
the cells’ potential and breaks the asymmetry within the equivalence 
group. So, contrary to its role in the AC/VU decision process, lateral sig- 
naling is not used here to create asymmetry but to implement it, and the 
final result is a predictable and reproducible patterning of vulval cell fates. 


DROSOPHILA PRONEURAL CLUSTERS: A NOTCH IN THE GROUP 


In the Drosophila embryo, groups of ectodermal cells from which the 
neural precursors arise are called proneural clusters (PNCs) (Simpson and 
Carteret 1990) and are thought to constitute equivalence groups: Each cell 
in a cluster has the potential to become a neural precursor, but only some 
of them will actually do so. Although no cell ablation studies similar to 
those done in C. elegans have been performed in Drosophila, genetic 
studies in the adult peripheral nervous system have shown that if one 
neural precursor is prevented from forming, another cell in the neighbor- 
hood will replace it (Stern 1954). Cell ablation studies were, however, 
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done in the grasshopper embryo (Doe et al. 1985; Kuwada and Goodman 
1985), where neural development seems to be homologous to that of 
Drosophila (Thomas et al. 1984). The results established that neural pre- 
cursors indeed originate from groups of cells with similar potential: When 
a given neuroblast was ablated from the ectoderm, it was replaced by one 
of the neighboring cells. Thus, as expected for an equivalence group, the 
potential to become a neural precursor is present in several cells, but only 
a subset of those actually follow a neural fate. 

The neural potential of PNC cells is conferred by the activity of genes 
from the achaete-scute complex (AS-C), hence named “proneural genes,” 
which are expressed in all proneural cells (for review, see Skeath and 
Carroll 1994; Modolell and Campuzano 1998). These genes encode a 
group of transcriptional regulators of the basic-helix-loop-helix (bHLH) 
type and are thought to regulate a cascade of downstream genes respon- 
sible for the implementation of the neural fate. The phenotypes of flies 
carrying mutations in proneural genes are revealing about their role in 
promoting neural competence of ectodermal cells: Whereas loss-of-func- 
tion mutations lead to a significant reduction of neural cells (Cabrera et 
al. 1987; Jimenez and Campos-Ortega 1990; Martin-Bermudo et al. 
1991), ectopic expression of the AS-C genes can cause the appearance of 
additional PNCs and consequently of new neural cells (Brand and 
Campos-Ortega 1988; Rodriguez et al. 1990; Hinz et al. 1994). 

Another group of genes, the “neurogenic genes” (Lehmann et al. 
1983), seem to control the selection of the cells within a PNC that actu- 
ally acquire a neural fate. These genes encode components of the Notch 
signaling pathway and are involved in an active process of cell-cell com- 
munication between the proneural cells (lateral inhibition) that results in 
only one cell, or a few, adopting the neural precursor fate (Simpson 1990; 
Ghysen et al. 1993). Again, mutations in these genes are revealing about 
their function. Mutations that inactivate the neurogenic genes cause more 
neural precursors to be selected from the PNC, leading to an excess of 
neural cells in the fly nervous system (the “neurogenic” phenotype; 
Lehmann et al. 1983), whereas gain-of-function mutations suppress the 
appearance of neural precursors from the PNCs (Lieber et al. 1993; Rebay 
et al. 1993; Struhl et al. 1993). 

Together, these results led to a general model of Drosophila neuroge- 
nesis where ectodermal cells are first allocated to PNCs by the action of 
the proneural genes, followed by lateral signaling between the proneural 
cells to select the neural precursors (Ghysen and Dambly-Chaudiere 
1989; Simpson 1990; Ghysen et al. 1993). Once selected, these precursors 
(neuroblasts in the fly central nervous system and sensory organ precur- 
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sors [SOPs] in the peripheral nervous system) will divide according to 
stereotyped cell lineage programs and give rise to the cells in the 
Drosophila nervous system. 

The initial establishment of PNCs involves the transcriptional activa- 
tion of the AS-C genes in well-defined groups of ectodermal cells, in very 
reproducible locations that anticipate the pattern of neuroblasts and SOPs 
(for review, see Skeath and Carroll 1994; Modolell and Campuzano 
1998). This suggests that the transcription of the AS-C genes must be very 
precisely controlled, integrating all the information provided by the vari- 
ous positional cues present in the ectoderm, in order to produce such a 
reproducible and accurate map of PNCs (Ghysen and Dambly-Chaudiere 
1988). These cues are globally described as a “prepattern,” whose exis- 
tence was first postulated by Stern (1954). This prepattern must involve 
various signaling pathways and several transcriptional regulators with dif- 
ferent but overlapping distributions in the ectoderm, providing each ecto- 
dermal cell with precise coordinates of gene activity that will influence its 
subsequent development (Huang et al. 1994a; Modolell and Campuzano 
1998). As a result, the PNCs will appear only in regions where the exact 
combinations of these regulators are successful in activating AS-C tran- 
scription and thus initiate proneural commitment. Examples of such 
prepattern transcriptional regulators are the proteins encoded by the genes 
extramacrochaetae (emc) (Ellis et al. 1990; Garrell and Modolell 1990; 
Cubas and Modolell 1992), pannier (Ramain et al. 1993), and iroquois 
(Gomez-Skarmeta et al. 1996), the first two being negative regulators and 
the third a positive regulator of AS-C activity. 

Once the PNC is established, the next step in the process of neural 
specification is the selection of the neural precursor from the PNC. This 
is controlled by interactions between the proneural cells, in a lateral sig- 
naling process that is mediated by the Notch signaling pathway (for 
review, see Artavanis-Tsakonas et al. 1999). In principle, the situation 
seems very similar to the selection process in the two C. elegans equiva- 
lence groups described above, involving homologous molecules from the 
same signaling pathway (the Notch/LIN-12 pathway) to ensure that 
equivalent cells adopt different developmental decisions (for review, see 
Kimble and Simpson 1997). In Drosophila, however, the molecular com- 
ponents of this signaling pathway have been better characterized, and one 
can learn a bit more about its function in controlling the behavior of the 
cells within an equivalence group. 

Essentially, there are two models to explain Notch function and later- 
al signaling within the PNCs (Fig. 3): the lateral inhibition model and the 
mutual inhibition model. In the lateral inhibition model (Simpson 1990; 
Ghysen et al. 1993), one cell becomes selected as a neural precursor and 
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Figure 3 Following the establishment of PNCs in the Drosophila ectoderm, in a 
process controlled by the prepattern genes, a neural precursor is selected through 
the action of the Notch communication system. Two models were proposed to 
explain Notch function and lateral signaling within the PNCs. In the mutual inhi- 
bition model, all cells within a PNC have identical inhibitory strength and are 
“frozen” in an inhibited state. Only a predetermined cell would be able to escape 
this inhibitory field and become a neural precursor, while the remaining cells 
would continue inhibited. In the lateral inhibition model, one cell becomes 
selected as a neural precursor and inhibits the other cells within the PNC from 
adopting the same decision. 


inhibits the other cells within the PNC from adopting the same decision. 
The inhibitory signal is encoded by the Delta gene and the receptor by the 
Notch gene. Both Notch and Delta are transmembrane proteins, and their 
interaction activates a signaling cascade in the receiving cell that leads to 
the inhibition of its proneural potential, through the down-regulation of 
the AS-C genes. This signaling cascade (for review, see Weinmaster 1997; 
Artavanis-Tsakonas et al. 1999) involves the proteolytic release of the 
intracytoplasmic part of the receptor, its dimerization with the Su(H) pro- 
tein, and subsequent binding of the complex to specific sites on DNA. 
This results in the activation of a group of genes from the Enhancer of 
Split complex (Espl-C), seven of which encode related bHLH transcrip- 
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tional repressors. These seem to function as nuclear effectors of the Notch 
pathway, repressing the AS-C genes and consequently the neural potential 
of the cells where Notch signaling is activated. 

The selection of the proneural cell that will become the neural pre- 
cursor and inhibit the other cells in the PNC could happen through two 
different mechanisms. In the simplest case, small, random variations in 
the levels of ligand or receptor (or both) between the proneural cells could 
be amplified through an intercellular feedback mechanism. In this 
process, one cell becomes richer in signal and poorer in receptor, where- 
as the neighbors become richer in receptor and poorer in signal; the first 
cell becomes the neural precursor and signals the others to repress their 
neural potential (Heitzler and Simpson 1991). This is a very similar situ- 
ation to the AC/VU decision in C. elegans (Seydoux and Greenwald 
1989; Heitzler and Simpson 1991), in which there is apparently no initial 
bias between the cells of the equivalence group and the final outcome 
looks stochastic: The proneural cell that has initially higher levels of Delta 
and becomes the neural precursor is selected randomly. This could occur 
during selection of the SOPs that will give rise to a particular class of sen- 
sory organs in the Drosophila notum microchaetae, whose number and 
position can be variable from fly to fly (for review, see Simpson 1997). In 
contrast, other SOPs that will give rise to macrochaetae, which have a 
fixed and predictable position in the fly epidermis, seem to be selected 
through an invariant process, whereby the same proneural cell within the 
cluster always becomes an SOP. The decision is therefore biased and pre- 
sumably reflects the existence of different concentrations of AS-C gene 
products in the proneural cells of a cluster, with a predetermined cell hav- 
ing higher levels from the very beginning. Given the ability of AS-C pro- 
teins to regulate positively the transcription of the Delta gene (Kunisch et 
al. 1994), this cell will also have higher levels of Delta activity. This 
should be enough to trigger the intercellular feedback loop described 
above and lead to the emergence of this cell as the SOP and consequent 
inhibition of the other cells in the PNC. 

The higher levels of AS-C products in this cell could be intrinsically 
determined by the action of genes like emc, pannier, or iroquois (for 
review, see Simpson 1997; Vervoort et al. 1997), which are part of the 
described prepattern within the ectoderm and have a heterogeneous 
expression within the PNCs. The emc gene works by repressing AS-C 
function (Van Doren et al. 1991; Cabrera et al. 1994), and therefore cells 
with higher levels of Emc protein would have less neural competence due 
to a lower activity of the proneural genes. The Iroquois proteins seem to 
activate AS-C transcription and thus increase proneural potential in the 
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cells where they are expressed (Gomez-Skarmeta et al. 1996). In both 
cases, the prepatterning activity of these genes creates an intrinsic bias 
within the PNC, ensuring that the cell selected as SOP always forms in 
the same position. This could also be achieved by an extrinsic signal, as 
seems to be the case with the secreted Wingless molecule that functions 
during SOP selection in certain PNCs in the Drosophila wing disk, caus- 
ing the proneural cell closest to the source of Wingless signal to become 
always the SOP (Phillips and Whittle 1993). Thus, as in the developing C. 
elegans vulva, the selection of a cell from an equivalence group would 
still require lateral signaling and the activation of the intercellular feed- 
back loop mediated by the Notch/LIN-12 pathway, but the decision seems 
to be biased from the beginning and to lead to a stereotyped pattern of cell 
fates. 

A second model of lateral signaling—mutual inhibition—has been 
proposed by Mark Muskavitch (Muskavitch 1994; Simpson 1997; Baker 
2000). According to this model, the decision about which proneural cell 
will be selected as neural precursor is also predetermined, but the func- 
tion of Notch signaling would be completely different. Instead of giving 
rise to one signaling cell that inhibits the other proneural cells, this model 
postulates that all cells within a PNC have identical inhibitory strength 
and are “frozen” in an inhibited state. Only a predetermined cell would be 
able to escape this inhibitory field and become a neural precursor, while 
the remaining cells would continue inhibited. This implies that the inter- 
cellular feedback mechanism is not at work during the decision; even if 
there are variations in the transcriptional activities of the Delta and Notch 
genes, these cannot be amplified fast enough to overcome the other mech- 
anism of precursor determination. Actually, during neuroblast selection in 
the fly embryonic neuroectoderm, one cannot detect any differences in 
Notch and Delta expression between the proneural cells (Fehon et al. 
1991; Kooh et al. 1993). Moreover, experiments where Notch and Delta 
transgenes (insensitive to the normal transcriptional controls) were used 
to replace the endogenous genes resulted in an almost normal segregation 
of the neuroblasts (Seugnet et al. 1997b), revealing that transcriptional 
regulation of the receptor and ligand is not necessary for the selection 
process. 

One still needs to explain how one given cell is predetermined to 
become the neural precursor and how this cell will then overcome the 
inhibitory field. The first step, involving the nonstochastic choice of a 
given cell, could be explained by the action of the same intrinsic and 
extrinsic cues described above, which should tilt the chosen cell to some- 
how escape the inhibitory field and be able to adopt a neural precursor 
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fate. To do this, that cell has to become insensitive to Notch signaling, but 
how this happens is not yet known. Several mechanisms are possible, 
however (for review, see Baker 2000). In a simple scenario, the higher 
levels of AS-C activity in the predetermined cell should lead to the accu- 
mulation of Delta protein, and this could cause a direct down-regulation 
of Notch receptor activity in this cell. Actually, it has been proposed that 
Delta and Notch proteins can interact at the membrane of the same cell 
(cis interaction), and this could lead to the formation of an “inactive” 
Delta/Notch heterodimer, unable to convey any signal (Heitzler and 
Simpson 1993; Jacobsen et al. 1998). High levels of Delta protein in one 
cell could therefore make this cell refractory to Notch activation, a mech- 
anism that has been suggested to explain an observed dominant-negative 
effect due to overexpression of Delta in both flies and vertebrates 
(Jacobsen et al. 1998). Other mechanisms to make cells insensitive to 
Notch signaling have come to light recently and involve the activity of the 
Numb protein, which seems to bind to the intracellular part of the Notch 
receptor (Guo et al. 1996; Ju et al. 2000) and prevent its activation. 
However, it is unlikely that these molecules act in the mutual inhibition 
process during Drosophila neural precursor selection, as no anti-neuro- 
genic phenotypes are caused by mutations in the corresponding genes. 
Other mechanisms to escape Notch signaling are still possible and could 
work alone or in combination with the other proposed mechanisms 
(Baker 2000). For instance, the Notch protein could be actively targeted 
for degradation in the neuroblast, either by promoting its endocytosis into 
lysosomes (Seugnet et al. 1997a) and subsequent degradation, or by 
enhancing its ubiquitination (Schweisguth 1999), in both cases resulting 
in lower levels of Notch activity inside the cell. 

Finally, it is still possible that the two processes, lateral inhibition and 
mutual inhibition, function together within the same PNC to ensure that a 
single cell emerges as a neural precursor. Actually, in a very careful analy- 
sis of the neuroblast selection process, it was observed that within each 
PNC, two or three cells seem to escape mutual inhibition simultaneously 
(Huang et al. 1991; Doe 1992), which led to the suggestion that the actu- 
al choice of the neural precursor involves a second step of lateral inhibi- 
tion between these cells so that only one becomes a neuroblast (Seugnet 
et al. 1997b; Simpson 1997). 

What seems to emerge from these models, each supported by a wealth 
of experimental evidence, is that Notch signaling is a very versatile mech- 
anism to control cell-fate decisions within equivalence groups. This sig- 
naling pathway can operate in different ways to select neural precursors 
in different parts of the fly nervous system, and to produce stochastic or 
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stereotyped outcomes, depending on its interaction with other signaling 
mechanisms. These molecular strategies accomplish a similar function; 
namely, forcing equivalent cells to adopt distinct developmental deci- 
sions. 


CONCLUDING REMARKS 


During development, cells experience a more or less gradual loss of 
potentiality, until final differentiation. Decisions about cell fates are fre- 
quently taken collectively by groups of cells, named equivalence groups, 
and cell—cell communication plays a major role in controlling these deci- 
sions. Groups of adjacent cells in the embryo created in this way face sim- 
ilar developmental choices and display similar potential to select any of a 
set of permitted fates. However, this equivalence is repeatedly broken, and 
cells within each group may adopt different decisions, giving rise to 
smaller groups each containing cells that are equivalent but with a differ- 
ent potential. Cell movements also occur, mingling cells of different 
groups and creating new equivalence groups by bringing together cells 
with similar developmental potential. The developing embryo can thus be 
viewed as a constantly evolving mosaic of different equivalence groups, 
each behaving as an autonomous unit, with a transient existence. 

The behavior of equivalence groups has to be based on reliable and 
versatile communication systems between the equivalent cells, allowing 
them to respond to signals from outside the group and to interact with 
their neighbors inside the group, so as to adopt different decisions, despite 
their identical potential. Actually, the shared use of such communication 
systems can be regarded as a defining characteristic of an equivalence 
group. Cells that cannot communicate are logically excluded from the 
cell-fate decision process and therefore do not belong to the group. Given 
that equivalence groups are transient and numerous, it would not be sur- 
prising that the same communication systems should function repeatedly 
in the various groups that form during development, independently of the 
cell-fate decision involved. 

The Notch/LIN-12 signaling pathway is an obvious candidate to pro- 
vide such a cell-cell communication system within equivalence groups. 
This pathway has been shown to be active in a wide range of cell-fate 
decisions in both invertebrate and vertebrate organisms, involving groups 
of cells with the characteristics of equivalence groups. Moreover, muta- 
tions that block the function of the Notch/LIN-12 pathway have very 
pleiotropic phenotypes, affecting a wide variety of cell types in the ani- 
mal, which reveals the participation of this pathway in a remarkably large 
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proportion of the equivalence groups that form during development (for 
review, see Artavanis-Tsakonas et al. 1999). 

In the three examples described above, Notch/LIN-12 signaling was 
shown to involve all the cells within the equivalence group, coordinating 
the different cell-fate decisions taken by adjacent cells within it. In the 
first case, the AC/VU decision, /in-/2 function alone seems to be enough 
to force equivalent cells to adopt different fates, whereas in the other two 
cases, an initial symmetry-breaking step is subsequently amplified by the 
Notch/LIN-12 pathway, leading to the establishment of different fates 
within the equivalence group. This communication mechanism is there- 
fore very versatile and robust, being able to interact with other elements 
of the communication network and still produce very stable outcomes. 

What are the molecular characteristics of the Notch/LIN-12 pathway 
that allow it to play such a basic and fundamental role? It is, first of all, a 
form of signaling that depends on direct cell-to-cell contact and is there- 
fore suited to creation of fine-grained patterns in which directly 
neighboring cells are required to become different. From the examples 
previously discussed, it is clear that the described intercellular feedback 
mechanism is central to the function of the Notch/LIN-12 pathway in 
many equivalence groups. Because the feedback loop involves communi- 
cation between adjacent cells, the behavior of one cell depends intimate- 
ly, and in a reciprocal fashion, on the behavior of its neighbors. Although 
the molecular details of such transregulation are not yet fully understood, 
the mechanism is based on the finding that receptor activation causes a 
coincident increase in receptor levels and a decrease in ligand levels in the 
cell (Wilkinson et al. 1994). Thus, the more signal one cell receives, the 
less signal it can produce and the more receptor it can activate. The end 
result of this feedback mechanism between adjacent cells is that a cell that 
comes to have a slightly higher level of signal will become richer and 
richer in signal and poorer and poorer in receptor, while in the neighbor- 
ing cells the contrary will happen. The first cell then becomes a net 
signaler and the neighbors net receivers. At the phenotypic level, the con- 
sequence is that the developmental choice taken by the signaling cell pre- 
cludes the neighbors from adopting a similar decision. The nature of this 
decision, i.e., the type of cell fate chosen, depends on the intrinsic poten- 
tial of the cells and/or the influence of inductive signals arising from cells 
outside the equivalence group. The AS-C proteins are a good example of 
an intrinsic cell-fate determinant that confers a proneural potential to the 
equivalent cells of PNCs, and the LIN-3 signal from the AC cell is a good 
example of an inductive signal that determines two particular cell fates in 
the C. elegans vulva equivalence group. The common theme for these two 
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signals is their role in activating the Notch/LIN-12 communication sys- 
tem in an equivalence group of cells, which are thus enabled to diversify 
and choose their individual fates in a precisely coordinated fashion. 

In recent years, research on the Notch/LIN-12 pathway has highlight- 
ed the conservation of this signaling mechanism across many different 
species, from worms to humans. Functional studies have shown that 
Notch signaling in higher vertebrates controls many cell-fate decisions, 
as, for example, the commitment to differentiate as a neuron or remain as 
a dividing progenitor in the central nervous system, to become an 
exocrine or an endocrine cell in the pancreas, to differentiate or remain as 
a dividing progenitor in the hematopoietic system, or to become a hair 
cell or a supporting cell in the inner ear (for recent reviews, see Artavanis- 
Tsakonas et al. 1999; Skipper and Lewis 2000). It is also becoming clear 
that not all Notch functions involve signaling between equivalent cells 
and that Notch must also play other, perhaps more complex, roles in other 
biological events, such as neurite arborization (Franklin et al. 1999; 
Sestan et al. 1999). Nevertheless, the lessons we can learn from studying 
the role of Notch/LIN-12 signaling in controlling cell-fate decisions with- 
in equivalence groups in simpler organisms provide an essential key to 
help us understand how larger, more complex animals, using more 
sophisticated communication networks, generate their intricate patterns 
of cell types. 
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During the past decade, we have seen remarkable advances in our under- 
standing of how the eukaryotic cell cycle is regulated. As a result, we now 
have a detailed molecular description of the cell cycle machinery that 
controls both the G/S and G,/M-phase transitions. Moreover, we have 
also seen the discovery of checkpoint controls that delay the cell cycle in 
response to intracellular perturbations including DNA damage, incom- 
plete DNA replication, or a defective mitotic spindle. These allow time 
for repairs to be completed prior to chromosome segregation and cell 
division. Finally, the cell cycle can be regulated in response to extracel- 
lular signals generated by changes in nutrient status, pheromones, and 
mitogens. 

Although we have made significant progress in our understanding of 
how the cell cycle is controlled in a variety of different organisms, little 
has been established on how the cell cycle is regulated in stem cells. Stem 
cells have an unlimited capacity for both self-renewal and production of 
differentiated progeny, and both processes must be tightly regulated to 
ensure the survival of the organism. Although it is still not clear what con- 
trols the decision to either self-renew or differentiate, or how the fate of 
a differentiating daughter cell is determined, the regulation of the cell 
cycle appears to play a key role in these processes. In this chapter, we pro- 
vide a general overview of checkpoints and other cell cycle controls that 
operate in eukaryotic cells. This is followed by a discussion of how the 
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cell cycle provides not only a means for controlling the numerical output 
of stem cells, but also a mechanism to regulate and implement develop- 
mental decisions. 


REGULATION OF THE EUKARYOTIC CELL CYCLE 


The eukaryotic cell cycle consists of alternating rounds of DNA replica- 
tion (S phase) and cell division (M phase) separated by the gap phases G, 
and G, (Fig. 1). Progression through the cell cycle is controlled by the 
periodic activation of cyclin-dependent kinases (Cdks). Multiple Cdks 
have been identified in mammalian cells (Hunter and Pines 1994; Sherr 
1994), whereas a single Cdk is required for cell cycle progression in yeast 
(Nurse 1994; see Table 1). In general, Cdks can be regulated by at least 
three independent mechanisms. First, Cdk kinase activity is dependent on 
its association with distinct cyclin proteins, and formation of these com- 
plexes is driven by cycles of cyclin synthesis and degradation (Hunter and 
Pines 1994; Sherr 1994). Second, phosphorylation of Cdk kinase at a con- 
served threonine residue by Cdk activating kinase (CAK) is required for 
activity (Morgan 1995), whereas inhibitory phosphorylation within the 
ATP-binding site is regulated by the combined action of the Weel kinase 
and Cdc25 phosphatase (Nurse 1990). Finally, Cdk activity can be regu- 
lated by binding to a specific class of Cdk inhibitors (CKIs) (Sherr and 
Roberts 1995). As we discuss below, these multiple modes of Cdk regu- 
lation are involved in controlling cell cycle progression in response to cell 
cycle checkpoints and extracellular signals that regulate cell proliferation. 

The first step in the cell division cycle is to replicate the genetic mate- 
rial. Initiation of DNA replication requires the activity of Cdk kinase 
(Cdk2 in mammalian cells), which is dependent on expression and accu- 
mulation of G,-specific cyclins (Sherr 1993). Other posttranslational 
modifications of Cdk may be important during its activation at the G,-to- 
S-phase transition, but the details of this regulation are still not clear (Gu 
et al. 1992; Russo et al. 1992; Sebastian et al. 1993). As cells proceed 
through S phase, B-type cyclins begin to accumulate in preparation for M 
phase. Accumulation of B-type cyclins and their association with Cdk1 
kinase is essential, but not sufficient, to drive cells into mitosis. 
Activation of Cdk1 also requires dephosphorylation within the ATP-bind- 
ing site (Dunphy and Kumagai 1991; Gautier et al. 1991) and phospho- 
rylation by CAK (Fesquet et al. 1993; Poon et al. 1993; Solomon et al. 
1993; Fisher and Morgan 1994; Makela et al. 1994; Tassan et al. 1995). 
Finally, exit from mitosis and entry into the G, phase of the next cell cycle 
requires inactivation of Cdk kinase activity, which is brought about by tar- 
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Figure I Cell cycle regulation in yeast and mammalian cells. (A) S. pombe. (B) 
S. cerevisiae. (C) Mammalian cells. The cell cycle is controlled by the periodic 
activation of cyclin-dependent kinases. Note that in S. cerevisiae, S and M phase 
temporally overlap and therefore the regulation of the cell cycle in response to 
DNA damage differs from that of S. pombe or mammalian cells. See text for 
details. 


Table J Cyclin-dependent protein kinases in yeast and mammalian cells 


CdkI Associated cyclins Cell cycle phase 
S. pombe 
Cde2 (Cdk1) Pucl, Cig], Cig2 G, to S-phase transition; S phase 
Cde13 G, to M-phase transition 
S. cerevisiae 
Cde28 (Cdk1) = Cln1, Cln2, Cln3 G, to S-phase transition 
Clb5, Clb6 S phase 
Clb1, Clb2, Clb3, Clb4. M phase 
Mammalian 
Cdc2 cyclins D1, D2, D3 G, phase 
cyclin E 
cyclin A 
Cdk3 ? ? 
Cdk4 cyclins D1, D2, D3 G, phase 
Cdk5 cyclins D1, D2, D3 G, phase 


Cdk1 cyclins A and B S phase; G, to M transition 
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geting B-type cyclins for degradation via ubiquitin-mediated proteolysis 
(Hunt et al. 1992). 

The cell cycle is also regulated by checkpoint controls that ensure the 
normal order of cell cycle events (Hartwell and Weinert 1989; Murray 
1994). Checkpoints were first identified in yeast as signaling pathways 
that delay cell cycle progression in response to DNA damage (Weinert 
and Hartwell 1988). Most of what we currently understand regarding the 
molecular basis of checkpoint controls is the result of genetic and bio- 
chemical analysis in yeast, where a number of checkpoint genes have 
been identified (Weinert 1998). These genes are highly conserved among 
all eukaryotic organisms, indicating that the basic checkpoint mecha- 
nisms have been preserved throughout evolution (see Table 2). In the fol- 
lowing two sections, we describe the mechanisms of two checkpoint sur- 
veillance systems that monitor two fundamental cell cycle processes, 
DNA replication/repair and chromosome segregation. 


DNA DAMAGE-DEPENDENT CHECKPOINT IN YEAST 
AND MAMMALIAN CELLS 


In the fission yeast, Schizosaccharomyces pombe, at least nine genes have 
been identified that are essential for the checkpoint control in response to 
DNA damage (Bentley and Carr 1997). Their gene products are thought 
to participate in a signal transduction pathway that inhibits activation of 
Cdk! kinase at the G,/M transition (Fig. 2A). Activation of the checkpoint 
pathway is thought to involve recognition and processing of a DNA lesion 
by “sensor proteins” generating a “checkpoint signal.” This signal is then 
transmitted via the Rad3 kinase to two additional kinases, Chk1 and 
Cds1(Walworth et al. 1993; Murakami and Okayama 1995). Both Chk1 
and Cdsl phosphorylate and inhibit the Cdc25 phosphatase, which is 
required for activation of Cdk1 kinase and entry into mitosis (Zeng et al. 
1998; Furnari et al. 1999). There is also evidence suggesting that Chk] 
can stimulate the Weel kinase, a direct inhibitor of Cdk1 (Raleigh and 
O’Connell 2000). Although it initially appeared that Cdsl and Chkl 
function redundantly, closer examination has revealed an interesting 
specificity regarding their activation during the cell cycle. Cds1 is only 
activated in response to DNA damage during S phase, whereas Chk] is 
activated following DNA damage in G,. Recently, it has been suggested 
that Cds! inhibits Chk1 activity, which may explain why Chk1 remains 
inactive during S phase (Boddy et al. 1998; Brondello et al. 1999). What 
determines this specificity is not yet clear, but it has been suggested that 
Cds1 may be coupled to or activated by specific DNA structures that only 


Cell Cycle Control 65 


Table 2 Checkpoint genes in yeast and mammalian cells 


Gene name 
S. pombe S. cerevisiae mammalian Proposed function 


DNA damage checkpoint genes 


hus! ? HUSI DNA damage sensor protein 

rad1 RAD17 RADI DNA damage sensor protein; 
potential nuclease 

rad9 ? RADY DNA damage sensor protein 

rad17 RAD24 RADI7 DNA damage sensor protein; 
RF-C like 

rad26 

crb2/rph9 RADI BRCAI DNA damage sensor protein 

rad3 MEC!I ATM/ATR member of PI-3 lipid kinase 
family 

chk1 CHK1 CHK1 Ser/Thr protein kinase 

cds1 RADS53 CHK2 Ser/Thr protein kinase 

? ? P53 transcription factor 

Spindle checkpoint genes 

bubl BUBI1 BUBI Ser-Thr protein kinase 

bub2 BUB2 BUB2 GTPase-activating protein 

bub3 BUB3 BUB3 forms a complex with Bub1 

madl MADI MADI1 coiled-coil phosphoprotein 

mad2 MAD2 MAD2 complexed with Mad1 and 3 

mad3 MAD3 MAD3 complexed with Mad1 and 2 

mpsl MPS1 MPS1 Ser-Thr kinase, required for SPB 


duplication 


Other cell cycle regulators that play a role in checkpoint controls 


ruml SIC1 p21 (other CKIs) Cdk inhibitor 
weel WEEI WEE1 tyrosine kinase; Cdk inhibitor 
cdc25 CDC25 CDC25 A, B, C__ phosphatase; Cdk activator 


form during DNA synthesis (Brondello et al. 1999). Interestingly, Cds1 
was originally identified as a multicopy suppressor of a temperature-sen- 
sitive mutant in DNA polymerase a, suggesting that these two proteins 
interact (Murakami and Okayama 1995). Therefore, it is possible that 
Cds1 is directly associated with the replication machinery. Why Cds1 
would inhibit Chk1 activation during S phase is not yet known. However, 
one possibility is that Chk1 might be required for a DNA repair process 
that is normally restricted to the G, phase. 
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In most eukaryotic cells, DNA damage delays cell cycle progression 
by inhibiting Cdk kinase activation at either the G,-to-M (as discussed 
above) or G -to-S-phase transition (see below). However, depending on 
the organism or how the cell cycle is regulated, other mechanisms can be 
used to prevent segregation of damaged chromosomes. For example, in 
the budding yeast Saccharomyces cerevisiae, where S phase and certain 
mitotic events are initiated simultaneously early in the cell cycle, cells 
respond to DNA damage by inhibiting the metaphase-to-anaphase transi- 
tion rather than by blocking entry into mitosis (Elledge 1996). Although 
this represents a very different physiological response to DNA damage, 
the checkpoint signaling pathway involved remains highly conserved 
(Fig. 2B). Activation of the checkpoint is still dependent on a DNA dam- 
age signal that is generated by sensor proteins, leading to the stimulation 
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Figure 2 (See facing page for legend.) 
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of the Rad3 homolog Mecl (Weinert 1998). Mecl then activates two 
independent parallel pathways blocking cell division (Gardner et al. 1999; 
Sanchez et al. 1999). One pathway involves activation of the Chk1 kinase, 
which phosphorylates and stabilizes the metaphase-to-anaphase inhibitor, 
Pds1 (Sanchez et. al. 1999). The second pathway leads to activation of the 
Rad53 and Dun! kinases, both of which contribute to the cell cycle delay 
by unknown mechanisms (Gardner et al. 1999; Sanchez et al. 1999). 

In addition to arresting cells in either G, or M phase, DNA damage can 
also delay entry into S phase. In S. cerevisiae, this checkpoint, sometimes 
referred to as the G, checkpoint, is also dependent on Mec] and Rad53 
(Siede and Friedberg 1990). Cell cycle arrest is thought to occur via 
Rad53 phosphorylation and inhibition of the transcription factor, Swi6, 
which is required for expression of G, cyclins (Fig. 2B) (Sidorova and 
Breeden 1997). 

In multicellular organisms, DNA damage activates a checkpoint con- 
trol pathway that leads to either cell cycle arrest in G, or G,, or pro- 
grammed cell death, i.e., apoptosis (Evan and Littlewood 1998). A key 


Figure 2 Activation of checkpoint pathways in response to DNA damage. (A) In 
fission yeast, the sensor proteins Rad1, Rad9, Rad17, and Crb2 transmit the dam- 
age signal to the protein kinase Rad3, which then phosphorylates the downstream 
kinases Chk1 and Cds1 in a cell-cycle-dependent manner. Cds1 is activated 
specifically in response to DNA damage in S phase, and Chk1 is activated when 
DNA damage occurs during G,. Both Cds] and Chk! prevent entry into mitosis 
by phosphorylating and inhibiting the mitotic activator Cdc25. (B) In budding 
yeast, activation of the Rad3 homolog Mec! is dependent on the sensor proteins 
Rad17/24, Rad9, Ddcl, and Mec3. However, in contrast to fission yeast, Mec] 
targets regulators of the metaphase—anaphase transition, and exit from mitosis. 
Mec! activates the Chk1 kinase, which then phosphorylates and stabilizes the 
anaphase inhibitor Pdsl. Mecl also activates the Rad53 and Dun! kinases; 
Rad53 delays the cell cycle by interfering with S-phase progression, and exit 
from mitosis. Dun1 is required for expression of genes involved in DNA repair, 
but also contributes to the cell cycle delay by unknown mechanisms. (C) In 
human cells, homologous checkpoint pathways exist to block entry into S phase 
and mitosis. Following DNA damage, the Rad3 homologs ATM and ATR kinas- 
es phosphorylate and activate the downstream kinases Chk! and Chk2. It is not 
yet known whether the activity of these kinases is restricted to specific cell cycle 
phases as has been observed in fission yeast. If DNA damage occurs in G,, Chk] 
and possibly Chk2 phosphorylate and inhibit Cdc25C, which is required for entry 
into mitosis. If damage occurs during G,, P53 is phosphorylated by either Chk1 
or Chk2, which stabilizes the protein leading to expression of a number of effec- 
tor genes including P21, a potent inhibitor of Cdk! kinase. 
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regulator in the decision to either arrest the cell cycle or undergo apopto- 
sis is P53 (Lane 1992, 1993). P53 is a sequence-specific DNA-binding 
protein that activates the transcription of a variety of downstream effector 
genes (Cox and Lane 1995). Stabilization of P53 following DNA damage 
is required for cell cycle arrest in G,, or apoptosis from G, or G, 
(Ashcroft et al. 2000). Mammalian cells also arrest the cell cycle in G, in 
response to DNA damage, but this can occur independently of P53 
(Kastan et al. 1991; Kuerbitz et al. 1992; O’Connor et al. 1993). Similar 
to S. pombe, arrest in G, involves inhibition of Cdce25 phosphatase by 
Chk1 and Chk2 kinases (Sanchez et al. 1997; Matsuoka et al. 1998; 
Chaturvedi et al. 1999). 

DNA damage-induced P53 stabilization requires a protein kinase cas- 
cade similar to one activated in response to DNA damage in both budding 
and fission yeast (Fig. 2C) (Westphal 1997). In this case, the Rad3 
homologs ATR and ATM phosphorylate and activate the downstream 
kinases Chk2 and possibly Chk1 (Chk2 is homologous to Cds1/Rad53; 
Matsuoka et al. 1998; Chaturvedi et al. 1999). Both kinases have been 
shown to phosphorylate P53, leading to stabilization of the protein 
(Chehab et al. 2000; Shieh et al. 2000). P53 can then trans-activate a 
number of genes, including CIP1/WAF1/p21, a potent inhibitor of CDK 
activities required for the G,-to-S-phase transition (el-Deiry et al. 1993; 
Harper et al. 1993; Xiong et al. 1993; Noda et al. 1994). The proposed 
role for p21 in cell cycle arrest is twofold; in addition to blocking CDK 
activity, p21 is also known to bind proliferating cell nuclear antigen 
(PCNA), a protein required for both DNA replication and DNA repair 
(Prelich et al. 1987a,b; Shivji et al. 1992; Flores-Rozas et al. 1994; Luo 
et al. 1995). Although p21 has been shown to inhibit SV40 replication in 
vitro (Flores-Rozas et al. 1994; Waga et al. 1994; Luo et al. 1995), it is 
not yet known whether this is a primary function of the protein during 
DNA damage. Although P53-induced expression of p21 provides an 
attractive model for how cells arrest in G, following DNA damage, in at 
least some cell types, it is not the sole mediator of the checkpoint 
response (Brugarolas et al. 1995; Deng et al. 1995). Other potential can- 
didates that might participate in P53-dependent G, arrest include the 
Gadd45 (Kastan et al. 1992; Zhan et al. 1998), WIP1 (Fiscella et al. 
1997), Cyclin D1 (Pagano et al. 1994; Chen et al. 1995), and ABL genes 
(Yuan et al. 1996; Nie et al. 2000). 

It is still a mystery as to why, in multicellular organisms, some cells 
arrest the cell cycle in response to DNA damage whereas others undergo 
apoptosis. Although the basis for this difference is poorly understood, P53 
has been shown to be essential for both G, arrest following DNA damage 
and apoptosis from G, or G,. Apoptosis occurs through a pathway that 
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involves activation of proteases of the ICE/ced3 class and its regulation 
by members of the Bcl2/ced9 family (Korsmeyer 1995). P53 is known to 
induce expression of genes that promote apoptosis, including Bax 
(Miyashita and Reed 1995), FAS (Owen-Schaub et al. 1995), and insulin- 
like growth factor-1-binding protein-3 (IGF-BP3; Buckbinder et al. 
1995). However, there is also evidence that P53 can induce apoptosis in 
the complete absence of its transcriptional activity, suggesting that P53 is 
likely to have multiple functions (Ko and Prives 1996). Interestingly, the 
Rad3 homolog ATM that is required for cell cycle arrest following DNA 
damage is not required for apoptosis (Meyn et al. 1994). This suggests 
that the checkpoint pathways leading to cell cycle arrest or apoptosis, 
which are both dependent on P53 stabilization, are distinct processes. One 
model proposes that low-level DNA damage may signal cell cycle arrest 
via the ATM-dependent checkpoint, whereas more extensive damage may 
activate P53 by an alternative pathway, the latter leading to apoptosis 
(Enoch and Norbury 1995). 

Finally, the DNA damage checkpoint can also inhibit DNA replication 
initiation and S-phase progression. For example, in budding yeast, treat- 
ment of cells with DNA alkylating agents can slow DNA replication in a 
Mecl, Rad53-dependent manner (Paulovich and Hartwell 1995; 
Paulovich et al. 1997). Whether this reflects inhibition of initiation or 
elongation is not yet known. Similarly, human cells defective for the ATM 
gene no longer delay S phase in response to DNA-damaging agents 
(Painter and Young 1987). This suggests that in addition to blocking mito- 
sis, the checkpoint pathway can also target components directly involved 
in DNA synthesis. There is also evidence that the checkpoint control can 
delay initiation of DNA replication from late origins when cells are arrest- 
ed in early S phase by treatment with hydroxyurea (Santocanale and 
Diffley 1998; Shirahige et al. 1998). This delay is dependent on expres- 
sion of both Mec! and Rad53 (Santocanale and Diffley 1998), similar to 
what is observed following treatment of cells with DNA alkylating agents 
(Paulovich and Hartwell 1995). In this case, the target of Rad53 is 
believed to be the Cdc7/Dbf4 kinase that has been directly implicated in 
replication origin firing (Dowell et al. 1994; Hardy et al. 1997; Lei et al. 
1997; Owens et al. 1997; Jiang et al. 1999; Pasero et al. 1999; Weinreich 
and Stillman 1999). 


THE SPINDLE CHECKPOINT 


Checkpoints are not only involved with coupling DNA metabolic events 
to mitosis, but are also required to ensure the normal order of mitotic 
events. Segregation of chromosomes during cell division requires that all 
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replicated chromosomes properly align themselves on the mitotic spindle 
during metaphase. In the presence of a disrupted or incomplete mitotic 
spindle, a checkpoint is activated that blocks the metaphase-to-anaphase 
transition and exit from mitosis (Hardwick 1998; Amon 1999; Burke 
2000). The so-called spindle assembly checkpoint was first characterized 
at the molecular level in budding yeast following the isolation of mutants 
that failed to arrest the cell cycle in response to microtubule-depolymer- 
izing drugs. Seven genes were found to be essential for the checkpoint; 
these included BUBI-3, MAD1-3, MPS1, and PDS/ (Hoyt et al. 1991; Li 
and Murray 1991; Weiss and Winey 1996; Yamamoto et al. 1996). 
Homologs for most of these genes have been found in several other organ- 
isms, including S. pombe (He et al. 1997, 1998; Bernard et al. 1998), 
Drosophila melanogaster (Basu et al. 1998, 1999), Caenorhabditis ele- 
gans (Kitagawa and Rose 1999), and vertebrates (Chen et al. 1996; Li and 
Benezra 1996; Pangilinan et al. 1997; Taylor et al. 1998; Jin et al. 1999). 
Similar to the DNA damage checkpoint, the spindle checkpoint is also 
thought to involve generation of a signal, in this case from the kinetochore 
that senses the existence of unattached chromosomes (Chen et al. 1996; 
Li and Benezra 1996; Taylor and McKeon 1997; Taylor et al. 1998). 
Before discussing the mechanism of cell cycle arrest induced by the spin- 
dle checkpoint, we first briefly review how the later stages of cell division 
are regulated. 

Separation of sister chromatids during anaphase relies on the activity of 
the anaphase-promoting complex (APC) (Zachariae and Nasmyth 1999). 
This protein complex has a ubiquitin ligase activity that regulates the 
destruction of a specific set of proteins by ubiquitin-mediated proteolysis. 
Sister chromatids are held together by a protein complex known as cohesin 
(Guacci et al. 1997; Michaelis et al. 1997; Losada et al. 1998; Yanagida 
2000), which is released from chromosomes upon anaphase entry. A key 
step in this process appears to be APC-dependent degradation of a protein 
called Pds1 (Cohen-Fix et al. 1996), which binds to and inactivates a pro- 
tein called ESP1 (Ciosk et al. 1998). Esp1 is essential for the proteolytic 
cleavage of a component of cohesin, a necessary step in the 
metaphase—anaphase transition (Uhlmann et al. 1999). In addition to the 
degradation of Pds1, the B-type cyclin-dependent kinases are also target- 
ed for degradation via the APC, and this is required for exit from mitosis. 

Two pathways are activated in response to damaged spindles (Fig. 3). 
One pathway involves the products of the MAD/J-—3 and BUB/ genes and 
is required for the inhibition of an APC accessory factor Cdc20, which 
normally targets the Pds1 protein for degradation (Alexandru et al. 1999). 
The second pathway requires the BUB2 gene, which is thought to be a 
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Figure 3 The spindle assembly checkpoint. Failure to align chromosomes on the 
mitotic spindle during metaphase triggers a checkpoint that blocks chromosome 
segregation and exit from mitosis. In vertebrate cells, homologs of Mad2, Bub1, 
and Bub3 have been shown to associate with the kinetochore, suggesting this 
structure is important for checkpoint signaling. Two pathways are activated in 
response to detached chromosomes. The first pathway requires the products of 
the Bubl, Bub3, Mps1, and Mad1—3 genes. These proteins function in a signal 
transduction pathway that inhibits APCcdc20, which normally targets the 
metaphase-to-anaphase inhibitor Pdsl for degradation. The second pathway 
requires Byr4 and Bub2, which function as a two-component GAP (GTPase acti- 
vating protein) that maintains the Tem1-GTPase in an inactive (GDP) form, 
thereby preventing release of Cdcl4 from the nucleolus (Shou et al. 1999; 
Visintin et al. 1999). In the absence of Cdcl4 activity, APCcdh1 remains in a 
phosphorylated inactive state, and therefore cells are prohibited from exiting 
mitosis (Visintin et al. 1998; Jaspersen et al. 1999). 


part of a two-component GTPase activating protein (GAP). In the pres- 
ence of a damaged or an incomplete mitotic spindle, Bub2 is thought to 
stimulate the GTPase, Tem1. This leads to an accumulation of Tem] in the 
inactive (GDP) form. In the absence of the active (GTP) form of Tem1, 
the Cdc14 phosphatase remains sequestered in the nucleolus, and cells are 
inhibited from exiting mitosis (Alexandru et al. 1999). 


CELL CYCLE CHECKPOINTS IN A CHANGING CELL CYCLE 


Analysis of stem cell divisions in the developing Drosophila embryo sug- 
gest at least three different checkpoint mechanisms are functioning dur- 
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ing early fly development. During the first 13 cell divisions that occur in 
syncytium, DNA damage activates a checkpoint that blocks anaphase 
(Fogarty et al. 1997). During cycle 14, the chk/ and rad3 homologs 
grapes (grp) and mei-41, respectively, are required to coordinate comple- 
tion of DNA replication to chromosome segregation (Sibon et al. 
1997,1999), and following cycle 14, DNA damage results in the inhibi- 
tion of entry into mitosis (Su et al. 2000 ). Therefore, multicellular organ- 
isms like Drosophila appear to use a wide variety of checkpoint controls 
to maintain genome stability during development. These checkpoints 
share striking similarity to those used by both S. pombe and S. cerevisiae. 
However, whereas in yeast the checkpoint response differs depending on 
how the cell cycle is regulated, in Drosophila, the checkpoint response 
depends on the developmental stage at which DNA damage occurs. 
Additional studies will be required to clarify whether similar checkpoints 
function in other organisms during development. 


ENVIRONMENTAL REGULATION OF CELL CYCLE PROGRESSION: 
LESSONS FROM UNICELLULAR ORGANISMS 


Extracellular signals can also have a dramatic effect on the regulation of 
cell division and differentiation. The mating pathway in yeast represents 
one of the best-understood examples of a how a eukaryotic cell can dif- 
ferentiate in response to changes in its environment (Zhou et al. 1993; 
Bardwell et al. 1996). This pathway shares many similarities with those 
used by growth factors to regulate cell proliferation in higher eukaryotic 
organisms (Cooper 1994; Marshall 1994). 

In the yeast, S. pombe, the mating pathway is initially triggered by 
nutritional starvation, which causes cells to arrest in the G, phase of the 
cell cycle (Yamamoto 1996). An important determinant during cell cycle 
arrest involves decreasing cAMP levels. The decrease in cAMP leads to 
increased expression of the ste// gene, which encodes a key transcription 
factor required for expression of genes required for cell cycle arrest, con- 
jugation, and meiosis (Mochizuki and Yamamoto 1992). Mutational 
analyses of S. pombe genes encoding components of the cAMP cascade 
have shown that S. pombe cells stay in the mitotic cell cycle as long as the 
level of cAMP-dependent protein kinase activity remains high, but are 
committed to mating and meiosis if this activity is lowered. Mating 
pheromone, which is thought to activate a protein kinase cascade homol- 
ogous to the MAP kinase cascade in mammalian cells, also contributes to 
the G, arrest (Imai and Yamamoto 1994). 

In contrast to fission yeast, in S. cerevisiae the first step in the mating 
pathway does not require nutritional starvation, but only the presence of 
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pheromone. The binding of pheromone to a cell-surface receptor is 
believed to induce a conformational change in a membrane-associated G 
(GTP-binding) protein complex that activates a mitogen-activated (MAP) 
kinase cascade required for gene activation, G, arrest, recovery from 
pheromone arrest, and nuclear and cellular morphological changes (Klein 
et al. 2000). Following formation of the diploid zygote, cells can resume 
vegetative growth. The second step in the mating pathway requires nutri- 
tional starvation, which triggers G, arrest, meiosis, and sporulation. As in 
S. pombe, cell cycle arrest in response to nutritional starvation is thought 
to involve regulation of cAMP-dependent kinase (Kronstad et al. 1998). 


RESPONDING TO THE CELLULAR MILIEU 


We have seen how yeast cells respond to external cues such as starvation 
or mating pheromone by arresting their cell cycle at G, preparatory to 
changing their cellular program. Although it is clear that stem cells (SCs) 
also respond to environmental factors by undergoing cell cycle arrest or 
activation, surprisingly little is known about the molecular mechanisms 
that regulate cell proliferation. The control of SC proliferation is espe- 
cially critical given SCs’ virtually unlimited capacity for the production 
of new cells and their role as the ultimate source of differentiated cells for 
the assembly and maintenance of multicellular organisms. 


Organismal-level Signals 


Numerous organismal-level physiological stimuli have been identified 
that result in the induction or inhibition of cell cycle progression in SCs. 
However, since cell cycle status has frequently been monitored through 
production of genetically marked progeny or BrdU incorporation, the cell 
cycle phase from which proliferative entry and exit may take place is 
rarely known. In addition, changes in cellular output or BrdU incorpora- 
tion could represent either changes in the length of a specific cell cycle 
phase or canonical cell cycle arrest/activation. Yet, in a few systems we 
are beginning to see the outlines of pathways that begin with organismal- 
level cues and terminate in changes in the activity of the cell cycle 
machinery. 

Activation or increase in SC division has been shown to take place 
under various conditions: transplantation into irradiated hosts; depletion 
of cycling cells by cytotoxins; in response to developmental program- 
ming; and even as a result of physical activity. The best-characterized sys- 
tem for transplantation and depletion studies is the hematopoietic SC or 
HSC (see Chapters 13, 14, 15, and 17). Both mammalian and human 
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primitive HSCs give rise to long-term repopulation of all blood cell lin- 
eages and can be isolated from bone marrow as relatively quiescent G,/G, 
cells. Upon injection into lethally irradiated mice, these HSCs provide 
multilineage long-term reconstitution of the peripheral blood. The large 
percentage of donor-derived cells present in the blood 30 days after trans- 
plantation indicates that the rate of primitive HSC cell division must dra- 
matically increase upon transplantation (Fleming et al. 1993). This 
increase in HSC cell cycle activity is presumably required to replace the 
more mature lineage-restricted cycling precursors that die as a result of 
radiation damage. Whether the increase in HSC division occurs as a direct 
consequence of the loss of the precursors is not yet clear. The relative 
resistance of primitive HSCs to cycle-active cytotoxic agents suggests 
that most of these cells are dividing slowly, and indeed, long-term label- 
ing with BrdU of up to 30 days is required before the vast majority of 
HSCs are observed to incorporate the S-phase label (Cheshier et al. 
1999). This implies that primitive HSCs have an extremely elongated cell 
cycle resulting either from greatly extending at least one cell cycle phase 
or from undergoing a stop-start cell cycle mode with rounds of transient 
cell cycle arrest followed by cell division (Fig. 4). 

Division of HSCs produces lineage-restricted precursors that in turn 
give rise to differentiated blood cells. Detection of donor-derived blood 
cells indicates unequivocally that quiescent HSCs have activated cell divi- 
sion upon transplantation. However, loss of donor-derived blood cell pro- 
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Figure 4 Single stop-start versus slow cell cycle period. (A) Stop-start cell cycle 
shown with a long period of G, arrest followed by progression through S, G,, and 
M. Stop-start cycles with G, or G, arrest are also possible. (B) Slow or extend- 
ed cell cycle progression. Note that the length of S phase when the cells would 
incorporate BrdU remains the same for both models. Either cell cycle arrest or 
extended G,/G, phases would allow repair of DNA caused by cytotoxic agents. 
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Figure 5 Loss of donor-derived peripheral blood cells posttransplantation. (A) 
Multilineage reconstitution from a single transplanted HSC. (B) Loss of donor- 
derived peripheral blood cells due to mitotic arrest of the transplanted HSC. (C) 
Loss of donor-derived peripheral blood cells due to apoptosis of lineage-restrict- 
ed precursors produced by division of the transplanted HSC. 


duction could be due to either return of HSCs to mitotic quiescence or 
apoptosis of lineage-restricted precursors (Fig. 5). Definitive studies to 
determine whether primitive HSCs return to their previously quiescent 
state after a period of rapid mitoses have yet to be performed. 

Studies on the effect of depleting cycling precursors on SC division 
have also been carried out in the mammalian brain (Morshead et al. 
1994). The results suggest that forebrain neuroblasts transiently enter a 
more active mitotic state upon depletion of cycling progenitor cells; these 
conditions, however, do not address whether the transition is one between 
cell cycle arrest and activation, or between a very long and a very short 
cell cycle period. 

The activation and arrest of SC division in response to developmental 
cues has been investigated primarily in mammalian and insect neuro- 
blasts. In Drosophila, a number of lineage (Prokop and Technau 1991) 
and BrdU (White and Kankel 1978; Truman and Bate 1988; Hofbauer and 
Campos-Ortega 1990) studies have shown that a subset of neuroblasts 
undergo two bursts of mitotic activity, once in embryos and later during 
larval stages. The double burst of BrdU incorporation indicates initial 
embryonic division followed by relative quiescence, then reactivation for 
larval mitoses and a final arrest concomitant with differentiation. In this 
proliferation program, “relative mitotic quiescence” entails cell cycle 
arrest or passage through one very elongated cell cycle period. 
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Detailed genetic analyses in Drosophila have identified a number of 
genes required to control the temporal pattern of “on and off again” SC 
division (Fig. 6). The first quiescence is achieved by inhibition of an ini- 
tial mitogenic signal by the product of the ana gene, thus preventing neu- 
roblasts from beginning S phase prematurely (Ebens et al. 1993). The ini- 
tiation of S phase at the appropriate time for larval division requires the 
product of the trol gene (Datta 1995) and the transcription repressor 
Even-skipped (Park et al. 1998). Induction of S phase by rol occurs at a 
later stage of G, than the G,/G, arrest mediated by ana (Caldwell and 
Datta 1998), suggesting that Drosophila neuroblasts may activate cell 
division in a stepwise fashion reminiscent of the G, subphases described 
for mammalian cells (for review, see Pardee 1989). More complex control 
of G, progression is also observed during differentiation of mouse embry- 
onic SCs. This involves up-regulation of cyclin D and E (two G,-specific 
cyclins), Cdk 2 and 4, and the Cdk inhibitors p21 and p27, leading to an 
elongation of the G, period (Savatier et al. 1995). For Drosophila neu- 
roblasts, the transition to mitotic arrest is mediated by the developmental 
transcription factor Prospero (Li and Vaessin 2000). The molecular mech- 
anisms by which some of these Drosophila genes regulate cell cycle pro- 
gression are discussed below. 

Finally, experiential cues have also been suggested to alter the mitotic 
activity of SCs in the adult mammalian brain. Enriched or complex envi- 
ronmental stimuli increased BrdU incorporation in the mouse hippocam- 
pus (Kempermann et al. 1998), as did increased physical activity (van 
Praag et al. 1999). Interestingly, mice that score well in learning para- 
digms and normally have high levels of neurogenesis do not show 
increased BrdU incorporation in a more complex environment 
(Kempermann et al. 1997). These intriguing studies represent the begin- 
ning of a new line of investigation that will address whether experiential 
stimuli increase SC, precursor cell division, or both. Currently, we have 
no understanding of the molecular events connecting behavior to changes 
in the cell cycle. 


Molecular Signaling 


For many of the organismal-level changes described above, the molecular 
basis underlying the phenomenology and how those changes are translat- 
ed into molecular signals that can affect the cell cycle machinery in SCs 
are beginning to be addressed. Signal transduction pathways link many 
organismal-level changes to alterations in transcriptional or enzymatic 
activity. This robust area of research has been extensively reviewed (Aza- 
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Figure 6 Control of “on and off again” neuroblast division in Drosophila. 
Neuroblasts are assumed to be arrested in G, (open box) upon larval hatching. An 
initial mitotic signal activates cell cycle progression (lightly hatched box) which is 
either inhibited by ana in G, or early G, or greatly slowed. Cell cycle progression 
is reinitiated from late G,, or the rate of progression is greatly increased by trol. 
The neuroblast begins several rounds of cell division. Cell cycle progression in 
daughter cells is arrested through the action of prospero. 


Blanc and Kornberg 1999; Dierick and Bejsovec 1999; Tan and Kim 
1999; Zhang and Derynck 1999); however, most of the studies occur in 
non-SC systems. Which signal transduction pathways operate specifical- 
ly in stem cells and how they translate extrinsic signals into cell cycle 
arrest or activation remain to be determined. This is especially critical, 
since many extrinsic signals are known to produce a variety of different 
responses depending on cell type. Much of the SC-specific information at 
this level comes from in vitro analyses of cultured SCs and molecular 
genetic studies in Drosophila. 

Studies in vitro have shown that the rate of cell division of freshly iso- 
lated G,/G, primitive HSCs or the amplification of HSC-like cells 
increases upon addition of specific cytokines (Reddy et al. 1997; 
Zandstra et al. 1997). HSC-like murine cells begin division in vitro in 
response to cytokines with the same kinetics as observed post implanta- 
tion in vivo (Oostendorp et al. 2000). These data suggest that cytokines 
may be directly linked to the increase in HSC mitotic activity in vivo. An 
interesting possibility is that cytokine signaling may couple decreasing 
lineage-restricted precursor pools to their regeneration by transplanted 
HSCs (Fig. 7A—C). Cytokines have been shown to activate a number of 
signal transduction pathways, prominent among them the Janus 
kinase/signal transducer and activator of transcription (Jak/Stat) pathway 
(for review, see Blalock et al. 1999; Heim 1999). Although the Jak/Stat 
pathway is commonly considered to stimulate cell division, studies of SC 
proliferation suggest that it may function instead to maintain SC division 
or identity (Fig. 7D,E) (Datta 1999 and unpubl.; A. Kiger and M. Fuller, 
unpubl.). 
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Figure 7 Signal transduction and stem cell division. (A—C) Possible model for 
mammalian HSC division stimulated by cytokine signaling from a diminished 
lineage-restricted precursor pool. (A) Inhibition of HSC division by unknown 
signals from lineage-restricted precursors. Lateral inhibition would also prevent 
production of specific cytokines or alter the level of cytokine production by pro- 
genitor cells. (B) Shrinkage of the precursor pool. (C) Lateral inhibition of 
cytokine production by progenitor cells is removed by the decrease in the num- 
ber of lineage-restricted precursors. The appropriate combination/level of 
cytokines is released, resulting in HSC division and repopulation of the progeni- 
tor pool. (D,£) Effect of Jak mutations on SC fate in Drosophila. (D) In normal 
animals, male germ-line SCs divide asymmetrically to generate a primary sper- 
matogonial cell and regenerate the germ-line SC. (£) In Jak mutants, germ-line 
SCs are lost after a few cell divisions, presumably due to loss of SC identity in 
both daughter cells. This may result from conversion of the normal asymmetric 
division to a symmetric division. 


In vitro analyses of mammalian neuroblasts (Weiss et al. 1996) have 
also identified a number of factors such as epidermal growth factor 
(EGF) and basic fibroblast growth factor and their signaling pathways 
(for review, see Hackel et al. 1999; Moghal and Sternberg 1999; Szebenyi 
and Fallon 1999) that are necessary to increase or decrease SC division. 
In vitro cultures of Manduca and Drosophila central nervous systems 
have identified the hormone ecdysone as a potential activator of neuro- 
blast cell division through an as-yet-unidentified mechanism (Champlin 
and Truman 1998; Datta 1999). However, as before, it should be noted 
that it is not clear whether these factors activate cell cycle progression in 
an arrested cell or dramatically increase the rate of cell division of cells 
progressing very slowly through the cell cycle. 

Given that it is not always clear whether SCs are cycling between cell 
cycle arrest and cell cycle activation or between short and very long cell 
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cycle periods, a related issue is how the length of the SC cell cycle is reg- 
ulated. Genetic studies of female Drosophila germ-line development have 
identified at least two signaling pathways that regulate the rate of SC divi- 
sion. The novel gene piwi is required both within an adjacent cell and in 
the SC itself to increase the division rate of germ-line SCs (Cox et al. 
2000). In addition, inhibition of signaling by Dpp, a transforming growth 
factor-B-like molecule, results in slower cell cycles in germ-line SCs (Xie 
and Spradling 1998 and Chapter 7). 


Linking Molecular Signals to Cell Cycle Phase 
and the Cell Cycle Machinery 


We have surprisingly little information about the cell cycle phase in which 
signaling pathways function, let alone how they affect the cell cycle 
machinery to induce or inhibit cell cycle progression in SCs. Thus far, the 
best-understood system is the mitotic activation of Drosophila neuroblasts 
by trol. Preliminary evidence suggests that trol encodes the Drosophila 
perlecan, a coreceptor for FGF (S. Datta, M. Caldwell, M. Reynolds, C. 
Rangel, Y. Park, and S. McDermott, unpubl.). In the absence of trol func- 
tion, neuroblasts arrest in G, as indicated by decreased cyclin E mRNA 
levels and are able to enter S phase upon induced expression of either 
cyclin E or E2F/DP but not cyclin B (Caldwell and Datta 1998). Genetic 
and molecular analyses suggest that the activity of Cyclin-Cdk complexes 
may also be stimulated by the Cdc25 protein phosphatase homolog string 
to promote the G,-to-S-phase transition (Y. Park and S. Datta, unpubl.). 
Cell cycle arrest of Drosophila neuroblast progeny in G, also occurs 
prior to differentiation (Fig. 8) (Li and Vaessin 2000). The dividing neuro- 
blasts synthesize Prospero, which becomes asymmetrically localized into 
the ganglion mother cell upon cell division and is later translocated into the 
nucleus. Nuclear Prospero activates expression of asense and inhibits 
expression of deadpan, which encode two basic helix-loop-helix proteins. 
Altered levels of these two proteins result in the expression of dacapo, 
which encodes the Drosophila p21 homolog. An extrapolation from embry- 
onic function (de Nooij et al. 1996; Lane et al. 1996) would suggest that 
Dacapo then inhibits CyclinE-Cdk2 activity, thus arresting the immature 
neuron or glial cell in G,. Studies of rat oligodendrocyte precursors also 
show cell cycle arrest in G, prior to differentiation by up-regulation of p21 
and p27 through a cAMP-mediated pathway (Ghiani et al. 1999). 
Although the molecular mechanisms through which organismal-level 
cues regulate SC proliferation are far from clear, the central portion of the 
framework, which includes the signal transduction pathways activated by 
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Figure 8 Model for Prospero-mediated cell cycle arrest. Arrows indicate interac- 
tions based on genetic analysis and are not meant to imply direct regulation at the 
molecular level. Arrows within the nucleus represent control at the transcription- 
al level. Expression of dacapo (dap) results in the increase in Dacapo (Dap) pro- 
tein in the cytoplasm (shown by the dashed arrow) where it is thought to act by 
inhibiting the kinase activity of cyclin E-cdk2 complexes. 


molecular signals, has been well characterized. However, large gaps still 
exist in our understanding of how organismal changes, such as transplanta- 
tion, translate into molecular signals that will activate the signal 
transduction pathways (Fig. 9). Other gaps exist at the output end of the 
pathway: How do changes in the activity of multiple signal transduction 
pathways result in coordinated changes in cell cycle activity? Are there spe- 
cific windows of opportunity during cell cycle progression in which signals 
must effect these changes? Are the input points where cell cycle progres- 
sion is controlled the same as those used by canonical cell cycle check- 
points? These are just a few of the questions that still need to be addressed. 


Figure 9. General flow of information from organismal-level cues to changes in 
cell cycle machinery. 
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CHANGING THE PROGRAM: WHERE CELL CYCLE 
REGULATES DEVELOPMENT 


We have seen ample evidence for changes in cell cycle activity as a result 
of environmental cues. However, it is also true that the cell cycle pro- 
gression itself plays an important role directly and indirectly in determin- 
ing the potency of a SC and the fate of its progeny. 


Cell Cycle and Renewal of Multipotency 


One of the most intriguing notions is that passage through the cell cycle 
can set the developmental fate of cells derived from SC division and 
renew SC _ multipotency (McConnell and Kaznowski 1991). 
Transplantation studies suggest that shortly after S phase, the cell fate of 
the soon-to-be-born SC progeny is restricted by environmental factors, 
but passage through the next S phase restores SC multipotency, allowing 
new cues to dictate the identity of the resulting daughter. How might S 
phase renew SC multipotency? One hypothesis invokes changes in chro- 
matin structure during DNA replication (Fig. 10) that can have dramatic 
effects on levels of gene expression and therefore cell fate. Recent stud- 
ies in yeast (Cosma et al. 1999; Krebs et al. 1999) reveal that chromatin 
remodeling factors are recruited during M/G, and the chromatin is 
remodeled during S phase, resulting in changes in transcriptional pro- 
grams in the subsequent G,. This suggests that changes that occur at a 
specific cell cycle phase can affect decisions at a later time. 


Direct Cell Cycle Regulation of Gene Expression 


In the context of cell cycle control over development, it is reasonable to 
ask whether cell cycle progression is required for the normal develop- 


original new ; _ 
transcriptional transcriptional_y differentiation 
program programs eset 
> >» > muitipotency 
wat Ss G2/M Gt lineage restriction 
cell cycle progression 


: cell cycle arrest 
recruitment of chromatin separation ? 
chromatin remodeling of daughter 
remodeling cells 
factors i 
determination OTHER 
of earlyfate INPUT? 
origins 


t 


OTHER 
INPUT? 


Figure 10 Possible effects of changes in chromatin structure determined at earli- 
er cell cycle phases on stem cell fates at later times. 
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mental program of gene expression, or whether temporal patterning of 
gene expression will continue in cell-cycle-arrested cells. This question 
can be further subdivided to ask whether cytokinesis itself, the physical 
separation of two daughter cells, is sufficient or whether rounds of DNA 
synthesis are also essential. Much of our information here comes from 
analysis of Drosophila neuroblasts. 

In vitro and in vivo studies show that some genes require neither 
cytokinesis nor cell cycle progression to achieve normal patterns of 
expression, whereas others require only cytokinesis, and a few require 
both. Surprisingly, the cell cycle dependence for expression of a certain 
gene in the same animal varies with the lineage examined. Analysis of 
neuroblasts in culture revealed that inhibition of M phase did not alter the 
expression of neurotransmitter synthetic pathway enzymes (Huff et al. 
1989). Studies in vivo identified multiple cell cycle regulation patterns of 
neuroblast gene expression (Cui and Doe 1995). Therefore, although cell 
cycle progression is required for the correct expression of some develop- 
mentally important genes, the inputs from cell cycle to gene expression 
are varied, and not all developmental genes require such input for their 
expression. Whether other cell cycle phases or events also trigger changes 
in the pattern of gene expression, and what the molecular mechanisms for 
such controls are, still remain to be elucidated. 


Indirect Regulation of Gene Expression 


Cell division can also affect gene expression, and therefore cell fate, in an 
indirect fashion. These types of divisions are generally defined as asym- 
metric divisions, either in the physical sense that they produce two cells 
of different size or in the developmental sense that they produce two cells 
of different identity. The differentiation between two cell types can take 
place as a result of extrinsic or intrinsic cues. Changes in extrinsic cues 
might occur when the plane of cell division physically places the two 
daughter cells in two different microenvironments, whereas changes in 
intrinsic cues may reflect unequal partitioning of internal factors between 
the two daughters. 

The effect of microenvironment on cell fate is implied by in vitro 
studies where SC production is altered by different culture conditions and 
in vivo studies that correlate cell-cell interactions with cell fate. In vitro 
culture of HSCs demonstrates that the balance between the production of 
lineage-restricted progenitors versus HSCs depends on the relative con- 
centration of cytokines in the media (Zandstra et al. 1997). Time-lapse 
microscopy studies of mammalian cerebral cortex show that changes in 
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division plane, and therefore cell-cell or cell—extracellular matrix con- 
tacts, change the fate of the daughters (Fig. 11A,B) (Chenn and 
McConnell 1995). The change in division plane also correlates with sym- 
metric or asymmetric distribution of the signaling molecule Notch1. In 
vivo studies of the Drosophila male and female germ line also correlate 
changes in SC niche with changes in the fate of SC progeny. Removal of 
surrounding somatic cells by ablation or by alteration of the expression of 
signaling molecules such as piwi (Cox et al. 2000), fs(Z) Yb (King and Lin 
1999), and Dpp (Xie and Spradling 1998 and Chapter 7) leads to the con- 
version of asymmetric to symmetric daughter cell fate (Fig. 11A,C). 
Similarly, stimulation or inhibition of the externally activated EGF recep- 
tor pathway can also lead to changes in cell fate (Chapter 8). 

Asymmetric distribution of internal factors upon SC division has been 
shown to affect the identities of resulting daughter cells. Perhaps the best- 
characterized examples of asymmetrically localized cell fate determi- 
nants in SCs are the analyses of Prospero and Numb in Drosophila neu- 
roblasts (for review, see Fuerstenberg et al. 1998; Jan and Jan 1998). Both 
Prospero and Numb proteins are segregated into the lineage-restricted cell 
upon neuroblast division, where they are required for daughter cell fate as 
assayed by the identity of the progeny produced. Prospero and Numb 
asymmetric distribution is dependent on the Inscutable protein that is also 
responsible for spindle orientation during neuroblast division. Thus, the 
act of mitosis creates two cells with different levels of Prospero and/or 
Numb and ultimately leads to changes in daughter cell fate. 


A horizontal B vertical © change in 

division division expression of 
plane plane signaling 
molecules 


Figure 11 Cell division effects on microenvironment and stem cell fate. (A) 
Horizontal cleavage plane results in one daughter (top white cell) maintaining the 
original cell-cell interactions and retaining SC fate while the second daughter 
(bottom black cell) is displaced into a new microenvironment resulting in a dif- 
ferent cell fate. (B) Vertical cleavage plane results in both daughters retaining 
cell-cell interactions similar to those of the original SC and thus retaining SC 
characteristics. (C) Altering the expression of a signaling molecule results in both 
daughters receiving cues that result in the maintenance of SC fate in both cells. 
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CANONICAL CELL CYCLE REGULATORS AND DEVELOPMENT 


Given that cell cycle progression affects SC gene expression both direct- 
ly and indirectly, it seems reasonable that delay or arrest of the cell cycle 
by canonical cell cycle regulators such as starvation and DNA damage 
may also affect developmental events. 

Serum starvation is a classic phenomenon that causes the arrest of 
mammalian tissue culture cells in early G, (for review, see Pardee 1989). 
The organismal correlate is nutrient starvation in Drosophila, which leads 
to cell cycle arrest of larval neuroblasts (Britton and Edgar 1998) and 
slowing of division in somatic SCs of the germ line (D. Drummond- 
Barbosa and A. Spradling, unpubl.). Nutrient-mediated arrest of larval 
neuroblasts occurs upstream and independent of trol/ana developmental 
regulation and late G, events (see above), consistent with an early G, 
arrest. Cell culture experiments have shown that starvation-arrested neu- 
roblasts can be activated by coculture with fat body (Britton and Edgar 
1998), possibly by fat-body-derived growth factors that affect prolifera- 
tion of imaginal disc cells (Kawamura et al. 1999). However, the signal- 
ing mechanism and cell cycle machinery targeted by nutritional arrest are 
not yet known. 

As described above, in response to DNA damage, a checkpoint control 
can delay cell cycle progression in G, or G,, followed by either DNA 
repair or apoptosis. In mice, overexpression of the BCL2 gene can prevent 
apoptosis in HSC populations following irradiation or treatment with 
DNA-damaging agents (Domen et al. 1998). It is widely accepted that 
apoptosis offers a level of protection to the organism in providing a mech- 
anism to remove unwanted damaged cells from circulation. It will be 
interesting to see how HSC development is affected by defects in the 
apoptosis or checkpoint pathways. 


STEM CELLS AND CELL CYCLE CONTROL 


With a few notable exceptions, our understanding of the mechanisms gov- 
erning cell cycle regulation in SCs and the effect of mitotic control on 
SC development and biology currently centers on cues such as 
cytokine/growth factor-triggered signal transduction pathways and asym- 
metric distribution of intrinsic cell fate determinants. For the most part, the 
fascinating questions of how phenomena translate into distinct molecular 
signals and how those signals mesh with the intricacies of cell cycle phase 
and specific components of the cell cycle machinery have yet to be 
answered. 
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GENERAL FEATURES OF SENESCENCE 


The senescence of normal diploid cells was first revealed in detailed stud- 
ies of cultured human fibroblasts (Hayflick and Moorhead 1961; 
Hayflick 1965). Fibroblasts are connective tissue cells that have a char- 
acteristic morphology and synthesize collagen. After a long period of 
normal growth, the yield of cells per flask began to decrease, and finally 
reached a very low level, with no further proliferation. These investiga- 
tors referred to the establishment of a primary culture of normal cells as 
Phase I, the long period of normal growth as Phase II, and the senescent 
period as Phase III. Previously, it had been generally assumed that cul- 
tured mammalian cells grew indefinitely, but this was based on the 
growth of neoplastic or transformed cells, and such cell populations are 
generally known as permanent lines. Saksela and Moorhead (1963) were 
the first to show that human fibroblasts retain a diploid karyotype during 
the long period of normal growth, but chromosome abnormalities appear 
with increasing frequency as cells enter senescence. 

There is some controversy about the relationship between senes- 
cence, aging, and cell death. If the cells are cultured to a stage where they 
remain subconfluent, abnormalities in cell morphology are clearly visi- 
ble. The cells vary in size and shape; the cytoplasm is granular, with many 
cell inclusions; and debris is formed in the medium. Some of the cells 
detach to form debris, whereas others remain attached to the substrate. At 
an earlier stage when the cells still become confluent, these abnormalities 
are less apparent. However, the cells do not form the “whorls” of growth 
that are characteristic of younger cultures, and the monolayer of cells is 
distinctly grainy in appearance. With regular changes of medium, these 
confluent cells remain attached to the substrate for long periods and con- 
tinue metabolism (Smith and Lincoln 1984) with occasional cell division 
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(Matsumura et al. 1979). Innumerable studies of cellular senescence have 
depended on the use of such cell populations, in comparison to early-pas- 
sage cells. These studies have documented a large number of changes in 
physiological, biochemical, or molecular parameters that occur during the 
aging of human fibroblasts (Holliday 1995). Hayflick lists 167 parame- 
ters that have been examined; of these, 117 change during senescence 
(Hayflick 1980). More recently, a single “biomarker” of aging has been 
extensively used. This is the formation of B galactosidase (Dimri et al. 
1995), but the reason for its appearance is not known; nor is it clear why 
this particular biomarker is usually preferred to many others that are 
available. The actual age of a culture is normally recorded in population 
doublings (PDs), and, typically, human fibroblasts reach 50-70 PDs. In 
some studies, PDs are broadly equivalent to passages, provided a 1:4 split 
is recorded as two passages and a 1:8 split as three. However, in many 
studies, passages are simply the number of subcultures, and they may not 
correspond at all to PDs. 

Following the demonstration of the limited growth potential of human 
fibroblasts, the same or similar limited life span has been demonstrated in 
many other cultured somatic cells. These studies are listed in Table 1. 
With the exception of T lymphocytes, the cells listed typically have a 
shorter in vitro life span than fibroblasts. Studies of other species also 
demonstrate the limited growth potential of normal diploid cells (R6hme 
1981), and there is a rather clear relationship between the longevity of the 
donor species and the growth potential of its fibroblasts in culture. From 
all these studies, the strong conclusion can be drawn that specialized 
dividing cells eventually become senescent and cease growth in culture. 


Table 1 Studies demonstrating the limited growth potential in culture of human 
or bovine cell types, other than fibroblasts 


Celltype CReference 
Glial cells Ponten and McIntyre (1968) 
Smooth muscle cells Bierman (1978) 

Endothelial cells Mueller et al. (1980) 
Thyrocytes Davies et al. (1985) 
Bronchial epithelial cells Lechner et al. (1981) 
Keratinocytes Rockwell et al. (1987) 
Lymphocytes McCarron et al. (1987) 
Breast epithelial cells Stampfer (1985) 
Osteoblasts Kassem et al. (1997) 
Adrenocortical cells* Hornsby et al. (1979) 


* Bovine cells; all others are human. 
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Whereas human cells do not transform to permanent cell lines (with the 
exception of lymphoblastoid cells from lymphocytes previously infected 
with Epstein-Barr virus), cells from short-lived animals, such as rodents, 
do commonly give rise to permanent lines with abnormal karyotypes. 


VARIABILITY IN GROWTH POTENTIAL OF HUMAN FIBROBLASTS 


Human fibroblasts are usually stored at early passage in liquid nitrogen. 
It is evident that cultures obtained from different ampoules of the same 
cell strain have very different life spans in PDs. The ranges for the well- 
known strains WI-38 and MRC-5 are 38-60 PDs and 55—75 PDs, respec- 
tively (Holliday et al. 1977). It should be noted that a difference of 10 PDs 
represents a thousandfold difference in cell mass (if all the cells were 
grown to senescence), so the range demonstrated is a very substantial 
variability in growth potential. The studies of clones of cells also demon- 
strate a very substantial variability in growth potential, and even the 
daughters of individual cells have different longevities (Smith and 
Whitney 1978; Smith et al. 1978). It is evident that stochastic events have 
an important role in determining the life span of somatic cells. The vari- 
ability in the growth potential of populations and clones of cells can com- 
plicate the interpretation of experiments designed to uncover possible 
causes of senescence. 


THEORIES OF CELLULAR SENESCENCE 


The key feature of the senescence of dividing cells is the fact that a long 
period of normal growth is followed by cessation of growth. Therefore, 
events must be occurring and accumulating through a life span that cul- 
minate in senescence. This immediately gives rise to the concept of a mo- 
lecular clock. At present, most attention has been directed to the loss of 
telomeric DNA. In the absence of the enzyme telomerase, telomeres grad- 
ually get shorter as cell division proceeds, and shortening of telomeres 
throughout the life span is well documented (Harley et al. 1990; Alsopp 
et al. 1992; Alsopp and Harley 1995). The consequence may be the inac- 
tivation of genes closest to the telomere sequences, either directly, or indi- 
rectly by a position effect, perhaps involving the formation of hete- 
rochromatin. This would happen at the ends of all 46 chromosomes. Since 
the lengths of telomeric DNAs could vary, as well as could the loss of the 
number of DNA base pairs per cell division, this interpretation of cell 
senescence could probably accommodate the observed variability in life 
spans. A prediction of the theory is that the introduction of DNA coding 
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for telomerase should immortalize the cell population. This prediction has 
been verified (Bodnar et al. 1998; Vaziri and Benchimol 1998), although 
a number of questions about the generality of the loss-of-telomerase the- 
ory of cellular senescence remain unanswered and are discussed below. 

A second general type of theory proposes that during the normal cell 
division in Phase H, molecular defects gradually accumulate. This is most 
easy to envisage at the DNA level, but it is also possible that defects could 
occur in proteins, membranes, or organelles, provided that their natural 
dilution by growth and cell division is not sufficient to produce a steady- 
state level of defects. This theory, in its most general form, is broadly sup- 
ported by the finding that a large number of genetic, biochemical, or 
physiological parameters are affected during aging (Hayflick 1980; 
Holliday 1995). With time, some indispensable cellular component or 
function may fail, but a more attractive possibility is that a given level of 
defects triggers a checkpoint control mechanism. This could block DNA 
synthesis or introduce some irreversible inhibition of cell division. This 
was first suggested by Rosenberger et al. (1991), and in the last few years 
has been confirmed by the discovery of checkpoint controls. Thus, there 
are many studies of genes and proteins involved in one way or another in 
the regulation of the cell cycle in senescent cells, including the tumor sup- 
pressor genes, p53, Rb, and p16, and the p21 cell cycle regulator gene (for 
review, see Wynford-Thomas 1997, 1999; Reddel 1998). It is generally 
agreed that senescent cells are irreversibly blocked in cell division, but 
they are still capable of many other cell functions. According to the 
telomere theory of cellular senescence, the shortening of chromosome 
ends would itself trigger a cell cycle block. 

The commitment theory of cellular aging dealt with the population 
dynamics of senescence and did not depend on any specific molecular 
mechanism (Holliday et al. 1977). It proposed that in the founder popula- 
tion of human fibroblasts there are cells that have unlimited division 
potential; that is, they are potentially immortal. These cells give rise dur- 
ing division, at probability P, to cells that become committed to eventual 
senescence after M cell divisions. Provided P is sufficiently high (in the 
range 0.25—0.275) and M sufficiently long, the immortal cells are gradu- 
ally lost during routine subculture. The final loss of all uncommitted or 
immortal cells is a stochastic process, which determines the final life span 
of the whole culture. The model predicts that the population size, N, is an 
important parameter and, in particular, that an extremely large population 
(unfortunately too large to handle in a laboratory) would grow indefinite- 
ly. It also predicts that reducing population size at critical times during the 
life span would have significant life-shortening effects, and this was con- 
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firmed by experiment (Holliday et al. 1977, 1981). The commitment the- 
ory also receives support from the study of immunoglobulin molecules in 
populations of T lymphocytes. As the cells approach the end of their life 
span, the population can often be shown to be clonal, suggesting that all 
these cells are derived from the last remaining uncommitted cell, many 
cell generations earlier (McCarron et al. 1987). It should be noted that the 
conversion of uncommitted or immortal cells, at rate P, to committed mor- 
tal cells could be due to the loss of telomerase activity. 


SENESCENCE OF SOMATIC CELLS IN VIVO 


There is indirect evidence that somatic cells in their normal environment 
use up some of their proliferative potential, although they may not actual- 
ly reach the senescent state. It was shown that the growth potential of 
human fibroblasts was inversely related to donor age (Martin et al. 1970; 
Smith et al. 1978), although a contrary result has recently appeared 
(Cristofalo et al. 1998). The results of Martin et al. (1970) suggested that 
the cells, on average, underwent 0.2 PDs per year of chronological life. 
Moreover, cells from the premature aging syndrome, Werner’s syndrome, 
have a very short in vitro life span. The gene has now been cloned and 
been shown to belong to a family of DNA helicases (Gray et al. 1997). The 
most clear-cut evidence that cell life span is inversely related to donor age 
comes from studies of Syrian hamster dermal fibroblasts (Bruce et al. 
1986). Fetal cells, at 13 days gestation, grew for 30 PDs, whereas cells for 
a 24-month adult grew for only 9 PDs. Those from a 3-day-old animal had 
a life span of 19 PDs, and those from a 6-month young adult, 14 PDs. 
These results strongly suggest that dermal fibroblasts continually turn over 
in vivo, and that cells from old animals have “used up” most of their 
growth potential. Tissue transplantation experiments also indicate that in 
vivo aging is a reality. For example, mouse mammary tissue can be trans- 
planted between isogenic animals but eventually becomes senescent and is 
unable to proliferate further (Daniel et al. 1968; Daniel and Young 1971). 

It is widely believed that somatic stem cells have unlimited growth 
potential. Although this may be so, it is hard to prove experimentally. The 
population of stem cells may be structured in such a way that a relatively 
small pool of cells can give rise to a very large number of descendants. 
Alternatively, there could be a pool of potentially immortal cells that give 
rise to stem cells with finite growth. Telomerase is present in hematopoi- 
etic stem cells, suggesting they are immortal, but a discussion of the 
growth potential of the various components of this stem cell system is 
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outside the scope of this review. Many aspects are discussed elsewhere in 
this volume (see especially Chapter 6). 


ENVIRONMENTAL INFLUENCES ON POPULATION LIFE SPANS 


In addition to the intrinsic variability of culture life spans, there are also 
well-documented examples of an induced decrease or increase in longevi- 
ty of human fibroblasts. In one of the earliest experiments, the incubation 
temperature was varied (Thompson and Holliday 1973). Interestingly, a 
reduction of the normal temperature of 37°C to 34°C had no effect on 
growth potential. However, an increase to 40°C appeared to have a severe 
life-shortening effect, which could not be reversed by returning the cul- 
tures to 37°C. The antibiotic paramycin reduces the fidelity of ribosomal 
translation in eukaryotes. At concentrations that did not affect growth 
rate, the life span of human fibroblasts was significantly reduced, provid- 
ed treatment was continuous (Holliday and Rattan 1984). A more dra- 
matic result was obtained with the pyrimidine analogs 5-aza-cytidine (5- 
aza-C) or 5-aza-deoxycytidine (5-aza-dC). These are both incorporated 
into DNA and are known to inhibit DNA methyl transferase activity 
(Santi et al. 1984; Jones 1985). It is well known that a single treatment 
with either analog will significantly reduce the total level of 5-methyl- 
cytosine in the genome. It is also well established that the level of DNA 
methylation declines during serial passaging (Wilson and Jones 1983; 
Fairweather et al. 1987; Matsumura et al. 1989a). The striking result is 
that a single treatment of 5-aza-C or 5-aza-dC to young cells, followed by 
full growth recovery, produces a population of cells with a greatly 
reduced life span in comparison to untreated controls (Holliday 1986; 
Fairweather et al. 1987). The significance of this result is that the single 
treatment is “remembered” by the cells, and the final effect is seen only 
many generations later. The results suggest that artificially reducing the 
level of 5-methyl-cytosine in DNA, followed by further natural decline, 
leads to the critical level seen in senescent cells. This in turn suggests that 
the gradually decreasing level of DNA methylation may be an important 
molecular clock in its own right, which induces senescence. Other stud- 
ies with primary mouse, hamster, and human fibroblasts support this 
view. Wilson and Jones (1983) found that mouse primary cells lose DNA 
methylation at a very high rate, and they have a short life span. Syrian 
hamster cells lose DNA methylation at a rate intermediate between mouse 
and human, and their life span is intermediate as well. In the same and 
other studies (Matsumura et al. 1989a), it was shown that two permanent 
lines maintain DNA methylation at a constant level, which is what one 
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might expect. Additionally, when 5-aza-C was used to repeatedly drive 
down the level of DNA methylation in the mouse permanent line, C3H 
10T1/2, it was found that it could not be reduced to zero (0.45% was the 
lowest achieved), so presumably some DNA methylation is essential for 
viability of these cells (Flatau et al. 1984). 

Many years ago, it was discovered that hydrocortisone significantly 
increases the growth potential of normal human fibroblasts, but the mech- 
anism remains unknown (Cristofalo and Kabakjian 1975; Macieira- 
Coelho 1996). More recently, it was found that physiological concentra- 
tions of the natural dipeptide L-carnosine (f-alanyl-L-histidine) also 
increases culture life span (McFarland and Holliday 1994, 1999). 
Moreover, when division finally ceases, the cells have a normal rather 
than a senescent morphology. Switching senescent cells to a high con- 
centration of carnosine produces a rejuvenated phenotype, and removal of 
the dipeptide causes the cells to revert to senescence. Again, the specific 
mechanism of action of carnosine is not known, but it has been suggest- 
ed that it may have an important role in cell maintenance in vivo 
(Holliday and McFarland 2000). 


SOME PROBLEMS WITH THE TELOMERE THEORY OF SENESCENCE 


Comparative studies strongly indicate that somatic cells from different 
species have a limited life span in culture, and it is reasonable to suppose 
that all these cells have the same or similar mechanism of senescence. It 
is therefore a surprise to find that Syrian hamster cells, which have very 
clear-cut senescence, have long telomeres, an active telomerase, and 
maintain their telomere lengths (Carman et al. 1998; Russo et al. 1998). 
Furthermore, mouse cells also have very long telomeres (Kipling and 
Cooke 1990), and yet they only divide about 10 times before becoming 
senescent (Todaro and Green 1963; Wilson and Jones 1983). 

The fact that environmental treatments can significantly increase or 
reduce culture life span suggests that telomeres can be lost at different 
rates under different conditions. This need not be a serious problem for 
the theory, but a study of the effect of increased oxygen is harder to 
explain. It was found that cells incubated in 40% oxygen soon stopped 
growing and, at the same time, had shortened telomeric DNA. This shows 
that telomeric DNA can be lost without cell division, perhaps by the intro- 
duction of single-strand breaks in DNA (von Zglinicki et al. 1995; von 
Zglinicki 1998). 

DNA methylation poses another problem. What happens in diploid 
cells immortalized by the introduction of telomerase activity? Presumably, 
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the DNA methylation does not decline to zero, so one must suppose that 
the DNA methylation is stabilized at a constant level. If this is so, it 
implies that DNA methylation is in some way coupled to telomere main- 
tenance. In normal cells, both DNA methylation and telomere length 
decline in concert. When normal human fibroblasts are infected by SV40, 
the large-T antigen transforms these cells so that they lose contact inhibi- 
tion and have an abnormal karyotype and an extended life span. These 
cells eventually enter a nonproliferative phase known as crisis. SV40- 
infected cells maintain their DNA methylation level (Matsumura et al. 
1989b), but they do not maintain their telomeres, which continue to short- 
en until crisis is reached (Counter et al. 1992). It is well established that 
crisis occurs later than senescence and is distinct from it (Reddel 1998; 
Wei and Sedivy 1999). Immortalized cells that emerge from crisis either 
have telomerase or maintain telomeres by another mechanism known as 
alternative lengthening of telomeres (ALT) (Bryan et al. 1995). These 
observations suggest that it may be the loss of telomeres that precipitates 
crisis, and this is later than the senescence of normal cells. The interest- 
ing observation is that senescent cells have telomere lengths which are 
significantly longer than those of cells entering crisis. Perhaps, then, it is 
the loss of DNA methylation that precipitates senescence, as outlined in 
Figure 1. How then should one explain the results of Bodnar et al. (1998) 
and Vaziri and Benchimol (1998), namely, that normal cells are immor- 
talized by telomerase? One could conclude they are in a steady state both 
with regard to telomere length and DNA methylation and, furthermore, 
that telomerase in some way restores maintenance of DNA methylation. 
However, the reverse could not be true, at least in pre-crisis cells, because 
they maintain DNA methylation but continue to lose telomeric DNA. 


IS CELL SENESCENCE A BARRIER TO THE EMERGENCE 
OF MALIGNANT TUMOR CELLS IN VIVO? 


Tumor cell lines are immortal, so it has often been asserted that the senes- 
cence of normal diploid cells is a barrier, or defense mechanism, to the 
emergence of neoplastic cells. In other words, overcoming this barrier is 
an essential step in tumor progression. This hypothesis is not as simple 
and straightforward as it may seem. It is probably rare for somatic cells to 
reach senescence in vivo. Skin fibroblasts from 90-year-old individuals 
are capable of 20-40 PDs in vitro (Martin et al. 1970), and much the same 
residual growth is probably true for other types of dividing cells. 
Therefore, the initiation of early steps in carcinogenesis is occurring in 
cells with considerable remaining growth potential. Let us assume that 
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Figure I During serial passaging of human diploid fibroblasts, telomeric DNA 
and DNA methylation are lost linearly with time. Senescence of these cells can 
be bypassed by SV40 infection and the expression of large-T antigen. These cells 
are capable of de novo methylation. They enter crisis at a higher population dou- 
bling level than senescence. Immortalization is a rare event (large arrow on 
right) and depends on the acquisition of telomerase, or an alternative mechanism 
for lengthening telomeric DNA. The small arrows at the top indicate that certain 
environmental treatments could alter the rate of loss of telomeric DNA or DNA 
methylation (see text for references). 


these cells proliferate with a transformed, or perhaps partially trans- 
formed, phenotype. It is probable that they already have abnormal 
karyotypes and may also be mutator strains (Loeb 1991). Thus, while 
growing, these cells are generating considerable genetic diversity, and it 
is generally agreed that cell selection is very important during tumor pro- 
gression. This leads to the formation of a primary tumor (note that a 
tumor of 1 gm contains about 10° cells, after about 30 PDs from a single 
cell). These cells would not be expected to enter senescence, in the nor- 
mal sense, but they may enter the period of growth arrest known as crisis. 
In transformation experiments in vitro, crisis is demonstrably different 
from senescence. For example, cells in crisis have a high mitotic index, 
and the cells regularly detach from the substrate (Wei and Sedivy 1999). 
Nevertheless, it is quite possible that crisis is due to the loss of telomeric 
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DNA, and the emergence of permanent lines depends on the acquisition 
of the means to maintain telomeres. With regard to primary tumors in 
vivo, it is well known that tissue biopsies from them rarely give rise to 
permanent cell lines. However, by the time secondary tumors have 
appeared, it is somewhat easier to obtain such cell lines. Thus, this sce- 
nario suggests that many small primary tumors consist of transformed 
pre-crisis cells. This crisis could be a barrier to the emergence of metasta- 
tic malignant cells, but it is not clear that senescence, in the normal sense, 
is involved. Primary tumors in many, but not all, cases can give rise to 
immortalized cells, following rare mutations or epigenetic events. These 
cells are fully transformed and malignant. 

It should be noted that cultured human diploid cells do not sponta- 
neously give rise to transformed pre-crisis cells. They are very resistant to 
transformation, irrespective of senescence. It is possible to regard the 
senescence that is regularly seen in vitro as simply a result of imperfect 
cell maintenance. It benefits the organism to down-regulate or turn off 
maintenance mechanisms that are not required during the lifetime of the 
individual. Thus, many human somatic cells no longer synthesize telom- 
erase if their telomeres are long enough for many sequential divisions. 
They also presumably reduce DNA methyl transferase activity, which 
results in a continual decline in total DNA methylation. They may turn off 
other activities, such as DNA repair mechanisms, which may be only fully 
maintained in germ-line cells. It is now well recognized that the efficien- 
cy of cell maintenance mechanisms is related to the longevity of mam- 
malian species, and the resources invested must be at some optimum 
value for each species (Holliday 1995). It is also well known that the inci- 
dence of tumorigenesis per cell in short-lived animals such as rodents is 
enormously higher than in humans, and also that rodent cells sponta- 
neously transform in vitro (for review, see Holliday 1996). The rare emer- 
gence of human tumors may have nothing to do with cell senescence, but 
may instead be related to an intrinsic resistance to transformation. 


CONCLUSIONS 


Specialized mammalian cells that are capable of division normally have a 
finite life span in vitro, and there is evidence that the extent of prolifera- 
tion is related to the longevity of the donor species. Cells from long-lived 
species do not become transformed in vitro, but instead enter an irre- 
versible nonproliferative state known as senescence. Senescence of 
human cells can be bypassed if certain tumor suppressor genes are inac- 
tivated, or if appropriate oncogenes are present (for review, see Reddel 
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1998; Wynford-Thomas 1999). These cells characteristically proliferate 
to a higher PD level than senescence and then enter a period of growth 
arrest known as crisis. The emergence of immortalized transformed cell 
lines depends on the ability to maintain telomeres either by telomerase 
activity or by an alternative mechanism known as ALT (Bryan et al. 
1995). It is reported that the introduction into normal cells of a gene cod- 
ing for the catalytic subunit of telomerase known as hTERT results in a 
greatly extended life span (Bodnar et al. 1998; Vaziri and Benchimol 
1998). These cells have reached at least 400 PDs and can be regarded as 
immortal (W.E. Wright, pers. comm.). However, there is no published 
information about their karyotypes, cell morphology, or other phenotypic 
characteristics, such as contact inhibition. It is possible that events other 
than the acquisition of telomerase are necessary to establish immortaliza- 
tion. This is known to be the case in immortalized keratinocytes, where 
loss of the Rb/p16'N*** cell cycle control mechanism is also necessary 
(Kiyono et al. 1998; Dickson et al. 2000; Chapter 4). 

Normal human diploid fibroblasts have at least two molecular clocks, 
and possibly there are others (Reddel 1998). The loss of telomeric DNA 
has received the most attention, but it is also well established that total 
DNA methylation steadily declines during the serial passaging of human 
fibroblasts. In contrast, immortalized cells maintain both telomeres and 
DNA methylation. Therefore, if maintenance of telomeres is the essential 
event, it must also be linked to maintenance of DNA methylation. Little 
is known about the regulatory mechanism that silences the gene(s) for 
telomerases in many normal somatic cells, or about the events that have 
activated it in many immortalized cells. Similarly, nothing is known about 
the control or maintenance of total DNA methylation. 

Normal Syrian hamster fibroblasts have a very clear-cut senescence 
in vitro, from which transformed lines emerge rather rarely. These cells 
have telomerase activity and maintain their telomeres (Carman et al. 
1998; Russo et al. 1998). In contrast, they steadily lose DNA methylation 
during serial subculture (Wilson and Jones 1983). This suggests that the 
molecular clock for senescence may be loss of DNA methylation. In addi- 
tion, it is known that artificially reducing the level of DNA methylation 
in young human fibroblasts significantly reduces their final life span. 
These results indicate that senescence may be triggered by the loss of 
methylation. Oncogenes, or the loss of tumor suppressors, can lead to the 
bypass of senescence, and de novo methylation to maintain a constant 
level (Matsumura et al. 1989b). These cells continue to lose telomeric 
DNA (Counter et al. 1992), and it may well be that this precipitates cri- 
sis, at a greater PD level than senescence, as shown in Figure 1. Many 
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more studies are necessary to unravel the respective roles of different 
molecular clocks for senescence, or to discover whether an accumulation 
of cellular defects is responsible. Whatever precipitates senescence, it is 
widely agreed that this is related to an interference with normal cell cycle 
controls that results in an irreversible block in cell division. 
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SIGNIFICANCE AND CLINICAL RELEVANCE 


Primitive hematopoietic stem cells (PHSC) are the self-renewing precur- 
sors that regenerate myeloid and lymphoid cells throughout the life span, 
and they are required for successful long-term bone marrow transplanta- 
tion. PHSC are found in bone marrow cells (BMC), spleen, blood, and 
newborn or fetal liver and blood. PHSC will be vital for putative thera- 
peutic measures such as human gene transfer via autologous marrow cell 
transplantation. PHSC proliferation is required for the long-term success 
of clinical grafts, yet it cannot be fully defined clinically because 10-20 
years may be required to recognize long-term functional cells in human 
beings. Fortunately, mouse PHSC appear to provide a good model for 
human PHSC function, and since mice are short-lived, aging about 30 
times faster than humans, PHSC function over much of the life span can 
be studied directly. 

Cells, obtained from bone marrow, cord blood, or mobilized periph- 
eral blood of healthy donors, are clinically useful for transplantation 
(Barnett et al. 1994). After transplantation, donor PHSC compete with 
residual host PHSC for engraftment; thus, high levels of donor PHSC 
function are essential since host PHSC remain functional in many clini- 
cal conditions. Unfortunately, donor PHSC are often damaged by clinical 
manipulations, so that they repopulate less well than residual host cells. 
Often the most primitive cells are the most damaged (Gardner et al. 1997; 
Miller and Eaves 1997). Competitive repopulation directly models the 
donor and host stem cell competition for engraftment. One of the most 
important and demanding problems in hematology is regulating and max- 
imizing the levels of donor PHSC function. 
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PHSC REPOPULATE, SELF-RENEW, AND FUNCTION 
LONG TERM 


PHSC repopulate both the lymphoid and myeloid systems (Harrison et al. 
1989, 1990; Morrison and Weissman 1994; Spangrude et al. 1995). The 
same PHSC produces erythrocytes, platelets, granulocytes, macrophages, 
B cells, and T cells proportionally, with high correlations between all 
these cell types (Harrison and Zhong 1992; Zhong et al. 1996). 

Demonstrating both lymphoid and myeloid function is not adequate to 
identify a cell as a PHSC, since most precursors that repopulate both lym- 
phoid and myeloid lineages soon after transplantation are short-lived 
(Jordan and Lemischka 1990; Harrison and Zhong 1992; Morrison and 
Weissman 1994; Spangrude et al. 1995; Zhong et al. 1996). The length of 
time that such short-term multilineage precursors function appears to be 
proportional to the life span of the species. Short-term precursors disappear 
3-4 months after transplantation in mice, but persist for 1-4 years in cats 
(Abkowitz et al. 1995). Human short-term multilineage precursors might 
function for 10-20 years. Thus, long-term functional determination is 
essential in defining the biology of the PHSC. This makes mouse models 
more practical than human models for studying PHSC function. 

Competitive repopulation assay evaluates primitive PHSC in vivo by 
testing the defining characteristics of PHSC directly (Harrison 1980). 
Donor cells must seed/home and then proliferate and differentiate to con- 
tinuously form both myeloid and lymphoid cells during large portions of 
the life span. Function is tested relative to normally functional standard 
competitor cells. Figure 1 illustrates that as donor PHSC numbers 
increase fourfold, from 2 to 8, with a constant competitor dose of 4, per- 
centages of donor cells only double, from 33% to 66%, if all PHSC repop- 
ulate equally. Since use of percentages understates alterations in donor 
function, we calculate repopulating units (RU), where 1 RU is the repop- 
ulating ability of 100,000 standard competitor BMC. Numbers of RU 
from each donor are calculated from the percentage of donor cells where 
the number of competitor marrow cells used divided by 10° = C. By def- 
inition, % = 100 (RU / RU + C), so RU = % (C) / (100-%). 

PHSC self-renewal is tested most rigorously after long-term serial 
transplantation. Effects of age on PHSC self-renewal after serial trans- 
plantation were shown by the results from competitive repopulation. By 
measuring retransplanted RUs in carrier BMC, we compare the amount of 
expansion from PHSC in the original dose of donor marrow cells received 
by each carrier. Since the same competitor was used with old and young 
donors of the same strain, the total RU per carrier is directly comparable 
between each strain’s young and old donors. 
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Figure I In the competitive repopulation assay, donor cells being tested are mixed 
with doses of genetically distinguished standard competitor BMC and grafted 
into irradiated recipients. Thus, each donor is compared to the common standard 
in identical recipients, whose percentage of donor-type cells measures donor 
PHSC function relative to the standard. Donor “1” has half the repopulating abil- 
ity of the standard. Donor “2” has repopulating ability equal to the standard. 
Donor “n” has twice the repopulating ability of the standard. 


Competitive dilution assays use limiting dilution with the addition of 
a standard dose of competitor marrow. This measures relative repopulat- 
ing abilities of individual genetically marked PHSC without the stress to 
the cells of enrichment or to the recipients of inadequate numbers of pre- 
cursors. Low enough numbers of PHSC and standard competitor cells 
(0.5 x 10° to 5 x 10°) are used so that variance in percentage of repopula- 
tion depends on relative repopulating abilities of the individual clones, 
with numbers of clones distributed according to the Poisson equation. 

PHSC concentrations per 10° B6 marrow cells measured by two dif- 
ferent competitive dilution experiments are 0.7—1.1 and 1.0-1.6 (95% 
confidence limits) (Zhong et al.1996), which confirm previous results 
using other models (Harrison et al. 1993). PHSC numbers in BALB are 
similar to those in B6 and far less than shown by the long-term culture- 
initiating cell (LTC-IC) assay, with the best estimates for fetal, young, or 
old cells being | PHSC per 100,000 BMC. Unlike B6, BALB relative 
repopulating abilities change with age; each fetal PHSC repopulates 
50-100% better than a young adult PHSC. Old BALB PHSC repopulate 
about 66% as well as young adult PHSC (Chen et al. 1999). 

Szilvassy et al. (1990) reported concentrations more than 10 times as 
high as we find from limiting dilution studies of PHSC. The conflict prob- 
ably is due to their practice of using defective competitors. This illustrates 
the relative nature of cell competition within a mixture and emphasizes 
the need for normally functional standard competitors. 
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The competitive repopulation and dilution assays complement each 
other, as the former measures normally functioning PHSC populations 
and the latter focuses on behavior of individual clones. Importantly, com- 
petitive dilution overcomes the limitation of describing results of com- 
petitive repopulation with a binomial model where donor and competitor 
PHSC must contribute equally (Chen et al. 1999). To calculate expected 
percentages of donor cells in each recipient in the competitive dilution, a 
distribution based on a Poisson model is used to estimate contributions 
from donor PHSC to the differentiated cell populations, while hypothe- 
sizing that donor cell contributions can be a multiple of those from com- 
petitor cells. 


WAYS TO MEASURE HEMATOPOIETIC STEM CELLS 


Differences between short-term and long-term multilineage repopulating 
precursors are deterministic, since they can be separated using cell sur- 
face markers (Morrison and Weissman 1994). Spangrude et al. (1988) 
were the first to use specific cell surface markers to enrich PHSC. By this 
strategy, PHSC have been enriched very highly, and used in limiting dilu- 
tion assays (Morrison et al.1995; Spangrude et al. 1995), even engrafting 
a small proportion of lethally irradiated recipients long term using a sin- 
gle donor cell (Osawa et al. 1996). However, problems with enrichment 
still exist. It may severely reduce repopulating ability. Some markers are 
strain-specific, or are effective for fetal but not adult cells (Jordan et al. 
1990; Morrison et al. 1995). Most seriously, enrichment markers fail to 
predict PHSC function, since cells carrying all the markers associated 
with long-term reconstitution proliferate greatly in vivo (Spangrude et al. 
1995) or in vitro (Rebel et al. 1994) without a proportionate increase in 
PHSC function. 

Spleen colonies in vivo or myeloid cell colonies in vitro are measured 
to test precursor differentiation. Many types of colony-forming cells can 
be separated from PHSC (Ploemacher and Brons 1989; Jones et al. 1990; 
Morrison and Weissman 1994; Spangrude et al. 1995), and colony assays 
often fail to predict PHSC function (Bertoncello et al. 1988; Jones et al. 
1989). 

LTC-IC populations contain precursors capable of long-term repop- 
ulation in vivo, although they may not compete with normal BMC (Cho 
and Miller-Sieburg 2000). The cobblestone area forming cell (CAFC) 
assay measures clusters of tightly packed rounded cells on stromal layers 
evaluated after 3-5 weeks by a limiting dilution assay (Ploemacher et al. 
1989). Miiller-Sieburg and Riblet (1996) found that long-term CAFC 
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gave results similar to LTC-IC. B6 mice gave the lowest levels of stem 
cells in marrow, BALB/c were about 5 times higher, and D2 gave the 
highest levels, 11 times more than B6. However, after serial transplanta- 
tion, two million BMC from young B6, BALB, or D2 donors expanded to 
276, 147, and 98 total RU, respectively (Chen et al. 2000a). Thus, the 
strain pattern for self-renewal is the opposite of that for LTC-IC. 
Furthermore, by competitive dilution, PHSC numbers in BALB are simi- 
lar to those in B6, far less than in the LTC-IC assay, with the best models 
having 1 PHSC per 100,000 BMC (Chen et al. 1999). 

LTC-IC assays may measure an early step in PHSC differentiation. 
Perhaps B6 cells respond better to stimuli to self-renew, whereas BALB 
or D2 cells respond better to stimuli to differentiate. This would explain 
why D2 precursor cells cycle faster than those of B6 (Van Zant et al. 
1990), as they are responding better to stimuli to differentiate, giving an 
initial competitive advantage in allophenic mice. However, B6 cells 
respond better to stimuli to self-renew, giving them the advantage for 
long-term maintenance (Chen et al. 2000a). 


SUMMARY OF METHODS USED 
Mice 


To distinguish donor and competitor (or recipient) cell types, we use mice 
carrying electrophoretically differing hemoglobin (Hbb* or Hbb“) and 
Gpil isoenzymes (Gpil“ or Gpil”), as detailed below. For the competitive 
repopulation and self-renewal studies from Chen et al. (2000a), young 
(2-6 months) and old (20-24 months) mice of normal inbred strains—B6 
(Hbb’ and Gpil’), BALB (Hbb‘ and Gpil“), and D2 (Hbb‘ and Gpil)— 
were used as donors. We used congenics differing at the Hbb and Gpil 
loci as competitors, and young mice of the normal inbred strain were used 
as recipients. Thus, standard competitors were young congenic B6 (Hbb* 
and Gpil*), BALB (Hbb* and Gpil’), and D2 (Hbb* and Gpil’), respec- 
tively. These congenic inbred mice were produced from single stocks that 
were each back-crossed for more than 18 generations (Harrison et al. 
1993). In all cases, young and old donors were compared with portions 
from the same pools of standard competitor BMC from young congenics 
differing from the donors at the Hbb and Gpil loci. 

For the competitive dilution studies from Chen et al. (2000b), recom- 
binant inbred (Bailey 1981; Taylor 1996) mice of the CXB-12 line were 
used as donors. Hybrid CByB6F1 (Gpil“/Gpil’) were used as recipients, 
since the hybrid Gpi/ band readily identifies recipient cells. Recipients 
were given sublethal irradiation with 500 rads 14 days before transplan- 
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tation and intraperitoneally injected with 100 ug/mouse of a natural killer 
(NK) cell antibody (anti-NK1.1, clone PK 136) 3 days before transplan- 
tation to deplete NK cells (NK-cell-depleted recipients). In this study, 
standard competitors were young CByB6F1 (Hbb‘ and Gpil”) mice, pro- 
duced by mating congenic BALB (Hbb* and Gpi1°) with normal B6. 

All mice were produced at The Jackson Laboratory where they had free 
access to an NIH-31 (4% fat) diet and acidified water and were maintained 
under standard pathogen-free animal husbandry conditions (for details, see 
JAX Report 1997). Before each experiment, old mice were examined to 
exclude those with abnormal circulating white blood cell (WBC) concen- 
trations (WBC > 18 x 10°/l or > 5 x 10°/1), or with grossly visible subcuta- 
neous, intestinal, liver, spleen, lung, lymph node, or thymus tumors. 


Competitive Repopulation 


BMC were extracted from two femurs and two tibias of each donor or car- 
rier mouse through a 23-gauge needle into 2.0 ml of Iscove’s Modified 
Dulbecco’s Medium (IMDM) and filtered through a 100-lum mesh, ster- 
ile, nylon cloth to remove debris. Nucleated cells were counted using a 
model ZBI Coulter Counter (Coulter Electronics, Inc., Hialeah, Florida). 
BMC from each donor or carrier were mixed with BMC from a competi- 
tor pool in a 1:1 (donor:competitor) ratio, and then iv (intravenously) 
injected into lethally irradiated strain- and gender-matched recipients. 
Irradiation doses were 11 Gy for B6, 8.5 Gy for BALB, 10 Gy for D2, and 
were delivered at 1.6 Gy per minute using a Shepard Mark 1 '*’Cesium 
gamma source (J.L. Shepherd and Associates, Glendale, California). 
Standard competitor BMC were distinguishable from donor BMC by dif- 
ferent electrophoretic alleles at the Gpil and Hbb loci. In each experi- 
ment, the original bone marrow donors were defined as old/young pairs 
at transplantation. The same competitor pool of BMC was used by each 
donor pair, so repopulating functions of old and young donors were mea- 
sured relative to the same competitor standard (Harrison et al. 1993). This 
allows the calculation of an old/young RU ratio for each donor pair, so 
variances can be demonstrated. In each experiment, with inbred strains, a 
group of control mice received only competitor BMC and were monitored 
to ensure that irradiated host PHSC did not produce detectable numbers 
of circulating erythrocytes and lymphocytes. 


Serial Transplantation and Competitive Repopulation 


To test PHSC self-renewal by serial transplantation, 2 x 10° BMC from 
each of the young and old B6, BALB, or D2 donors was injected into sep- 
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arate lethally irradiated, strain- and gender-matched, young carrier mice, 
using five carriers per donor. After 10 months, BMC were pooled from two 
healthy carriers of each original donor, mixed with BMC from congenic 
standard competitors as detailed above, and re-transplanted into lethally 
irradiated recipients. This was done to measure PHSC proliferation in the 
carriers by competitive repopulation as detailed in the previous section, 
except that BMC from each carrier were mixed with BMC from its com- 
petitor pool in a 5:1 (carrier:competitor) ratio. Carriers differed from 
donors at the Gpil and Hbb markers, but were matched with the competi- 
tors used in the assay stage of the experiment. Thus, any host cell function 
from the carrier would reduce the number of donor cells measured. 


Analyses of Donor Engraftment in Carriers 


Recipients were bled at time points specified in each experiment. At each 
bleeding, three microhematocrit tubes of blood (75 ul/tube) were obtained 
from each recipient through the orbital sinus and were mixed in 2 ml of 
IMDM with 3.8% sodium citrate. Each sample was then layered onto 2 
ml of lymphocyte separation medium and centrifuged at 500g for 50 min- 
utes at room temperature to separate lymphocytes (middle layer) from 
erythrocytes (sediment at the bottom of the tube). Cell lysates were ana- 
lyzed by cellulose acetate gel electrophoresis to separate isoforms of Gpil 
and Hbb. Percentages of donor-type lymphocytes were calculated based 
on the proportion of their Gpil after electrophoretic gel bands were quan- 
titatively analyzed using a Helena Cliniscan 2 densitometer. Percentages 
of donor-type erythrocytes were calculated from the proportion of donor- 
type Hbb in each sample after electrophoretic separation of the two Hbb 
types. These methods have been detailed previously (Harrison et al. 
1993). After each sampling, percentages of donor-type blood cells (mean 
of donor erythrocytes and lymphocytes) of the four or five recipients for 
each donor were averaged to calculate RU of donor BMC, using the for- 
mula: RU = % donor x C / (100 — % donor). One RU is defined as the 
repopulating ability of 100,000 standard competitor BMC, where % 
donor is the mean percentage of donor-type erythrocytes and lympho- 
cytes, and C is the number of repopulating units of competitor BMC, so 
that for 20 x 10° standard competitor BMC, C = 20. The RU:carrier ratio 
was calculated assuming that the two femurs and two tibias sampled from 
each carrier contained 25% of its total marrow cells. 


Competitive Dilution Using Poisson Modeling 


Portions containing 5 x 10* CXB-12 donor BMC (Gpil* /Gpil* ) and 5 x 
10° CByB6F1 standard congenic competitor BMC (Gpil’ /Gpil’ ) were 
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injected into each of 38 NK-cell-depleted CByB6F1 (Gpil/Gpi!”) recip- 
ients. The Poisson function, P, = e’ x (Ni/i!), gives the probability (P) 
that a recipient gets a certain number (i) of PHSC, where N is the average 
number of PHSC injected to each recipient (Zhong et al. 1996; Chen et 
al. 1999). The proportion of recipients with 0% CXB-12 type cells 6 
months after reconstitution was used to compute the number of PHSC (1) 
in CXB-12 BMC using the i = 0 term of the Poisson function; P, =e™ or 
N=—lnP,. This gave N = 1.2 for 5 x 10* CXB-12 donor BMC. Then the 
probabilities (P) of having 0, 1, 2, 3, or 4 donor PHSC in a recipient were, 
according to the Poisson function: 0.3012, 0.3614, 0.2169, 0.0867, or 
0.0260, respectively. Since 5 x 10° competitor cells were used, N = 5.0 for 
the competitor, giving probabilities of having 0, 1, 2, 3, 4, 5, 6, 7, 8, or 9 
competitor PHSC in a recipient as 0.0067, 0.0337, 0.0842, 0.1404, 
0.1755, 0.1755, 0.1462, 0.0653, 0.0363, or 0.0181, respectively. In prac- 
tice, we calculated two arrays of probabilities, one for the donor and one 
for the competitor, with i = 0-15 for 16 probabilities in each case. These 
form a 16 x 16 matrix of 256 combined probabilities, and each is associ- 
ated with a donor:competitor PHSC ratio that can be used to predict a 
value representing donor contribution. In the current study, we used the 
highest 37 probability values since there were 37 recipients available 6 
months after transplantation. 

We used the 37 corresponding donor:competitor ratios in the Poisson 
modeling to estimate repopulating ability per cell for CXB-12 PHSC by 
comparing three hypothesized levels of repopulating abilities (F) per cell 
for CXB-12 PHSC: F = 1, F = 1.4, and F = 2, each relative to a repopu- 
lating ability per CByB6F1 standard PHSC of F = 1. From the value of 
F,, a predicted percentage donor value was calculated for each of the 37 
donor:competitor ratios associated with the 37 highest probabilities. This 
produced three sets of predicted donor percentage values, which were 
each ranked from low to high and compared to the 37 ranked observed 
values in a paired ¢ test. The hypothesized F values that generated predic- 
tions significantly different from observed data were rejected. The F 
value whose predictions were not significantly different from the 
observed data was accepted to represent repopulating ability per cell for 
CXB-12 donor PHSC relative to those of the CByB6F1 standard. 

Effects of strain and age on RU concentrations and total RUs per car- 
rier were analyzed through variance analyses. For Poisson modeling, dif- 
ferences between ranked predicted values and ranked observed data were 
analyzed through paired ¢ tests using the JMP statistical discovery soft- 
ware on “Fit Y by X” and “Fit Model” platforms, respectively (SAS 
Institute Guide 1998). 
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RESULTS AND DISCUSSION 


Competitive Repopulation 


Competitive repopulation demonstrates that PHSC senescence is strain- 
specific. We tested PHSC senescence by comparing PHSC function in 
young and old B6, BALB, or D2 mice through competitive repopulation 
in vivo. Within each strain, 2 x 10° genetically marked congenic standard 
competitor BMC were mixed with 2 x 10° BMC from each of four young 
and four old donors, and each mixture was used to engraft four irradiated 
recipients per donor. The % donor-type erythrocytes and lymphocytes in 
recipient peripheral blood measured the functional ability of PHSC from 
each young or old donor relative to the standard competitor. Throughout 
this study, percentages of lymphocytes and erythrocytes were closely cor- 
related, so they were averaged in each recipient to calculate RU numbers. 
By definition, 10° competitor BMC produced one RU of functional abil- 
ity (Harrison et al. 1993). 

RU numbers/10° BMC at 8 months after reconstitution were signifi- 
cantly higher in old than in young B6 mice, and were significantly lower 
in old than in young BALB and D2 mice (Fig. 2), indicating that PHSC 
become senescent in BALB and D2 mice, but not in B6 mice. 
Measurements at 1, 3, 6, and 8 months all showed similar differences 
between young and old (Chen et al. 2000a), so functional abilities of both 
short-term precursors and long-term PHSC were affected similarly by 
aging. The old/young RU ratio, the PHSC senescence phenotype, showed 
that BALB (0.57 + 0.24) and D2 (0.48 + 0.07) BMC decline in function 
with age, whereas B6 (2.52 + 0.88) increase (Fig. 2). 

In a preliminary experiment, old/young RU ratios for BALB and D2 
were 0.27 and 0.50, respectively, after 9 months. The gain in repopulating 
ability with age had already been shown in B6 mice (Harrison et al. 1989; 
1993; Morrison et al. 1996), as had the loss with age in BALB mice 
(Chen et al. 1999). Figure 2 shows that these strain-specific patterns of 
PHSC senescence are repeatable. Furthermore, these data are very inter- 
esting when they are compared to the results of long-term self-renewal of 
PHSC in other portions of BMC from the same donors that were serially 
transplanted. They show that PHSC senescence is not tested as rigorous- 
ly by this competitive repopulation assay as by an assay after serial trans- 
plantation and long-term self-renewal. 


PHSC Self-renewal 


Portions of the BMC samples taken from the donors in Figure 2 were also 
transplanted into lethally irradiated, strain-matched, carrier mice, using 
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Figure 2 Effects of age on PHSC function. RU (repopulating unit) concentrations 
from old and young B6, BALB, and D2 mice were measured by competitive 
repopulation. BMC from each donor were mixed with BMC from a strain- 
matched young Gpil and Hbb congenic standard competitor pool. Mixtures of 2 
x 10° donor and 2 x 10° competitor BMC were iv injected into four lethally irra- 
diated strain-matched recipients per donor. Percentages of donor-type erythro- 
cytes and lymphocytes were analyzed in recipient blood 8 months after reconsti- 
tution using the Gpi/ and Hbb markers, respectively. Their averages were used to 
calculate the RU concentration for each donor, where one RU was the function- 
al ability of 1 x 10° cells from the standard competitor BMC. Data are presented 
as mean with standard error bars from four old/young donor pairs in each strain 
(Chen et al. 2000a). 


2 x 10° BMC per carrier and five carriers per donor. After 10 months, 
BMC from two of the five carriers were pooled and re-transplanted to 
lethally irradiated secondary recipients in competitive repopulation 
assays to measure RU concentration in carrier BMC. Mixtures of 5 x 10° 
carrier BMC plus | x 10° competitor BMC were re-transplanted to each 
of the secondary recipients, which were tested after 1, 3, 6, and 8 months. 
RU concentrations for carrier BMC were less than 10% of those for fresh 
donor BMC (Table 1). Similar results were previously reported for young 
B6 donors (Harrison et al. 1990). 

The difference between total numbers of donor RU per carrier and 
numbers in the 2 x 10° donor BMC originally injected in each carrier rep- 
resents RU expansion (Table 1). However, the initial RU measures (Fig. 
2) apparently included PHSC that failed to expand as well as they func- 
tioned in the initial assay. Therefore, the most meaningful measure of 
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Table 1 Effects of strain and age on bone marrow RU self-renewal 
Donor RU RU per 10° — Total BMC Total RU RU 
Strains age injected' carrier BMC? percarrier’ percarrier expansion 


B6 young 13.8 1.1+0.3 224437 276452 20 
old 30.6 0.7 +0.2 199 + 28 169 +71 525 
BALB young 26.0 1.2+0.5 149 + 11 147 + 45 5.7 
old 14.2 0.2 + 0.2 119 + 13 35 +29 2.5 
D2 young 26.2 0.9+ 0.4 100 +4 96+5 3.7 
old 12.6 0.4+0.1 87 +8 30+6 2.4 
Data given as mean + S.D. Based on Chen et al. 2000a. 


'RU injected calculated from pooled donor lymphocyte and erythrocyte % after 8 months (in which 
P<.01 that old and young groups are the same in each strain) in the original competitive repopulation 


measures on portions of the original donor BMC samples that were injected into each carrier mouse. 
°RU per 10° carrier BMC are calculated from pooled donor lymphocyte and erythrocyte % after 8 
months (in which P<.01 that old and young groups are the same in BALB and D2; P<.05 in B6 for 
erythrocytes, but old and young % in B6 did not differ for lymphocytes) in new competitive repopu- 
lation measures on BMC from carriers 10 months after they were given BMC from original donors. 
3Average BMC per carrier calculated assuming that two tibiae and two femurs contain 25% of the 
total BMC. 


functional ability after long-term serial transplantation appears to be the 
total donor RU per carrier, each produced from a dose of 2 x 10° donor 
BMC. These values can be used to compare expansion in the three differ- 
ent genotypes, giving results in terms of RU produced in each carrier by 
the two million donor cells. PHSC self-renewal declined with donor age 
in BALB and D2. The strain differences were large with the following 
old/young ratios of total RU produced: 0.61 in B6, 0.24 in BALB, and 
0.31 in D2 (Table 1). 

Strain differences were most obvious comparing old donors. Old B6 
donors with 30 RU produced 169 RU, while the 13 and 14 RU from old 
BALB or D2 donors produced only 35 and 30 RU, respectively. The B6 
advantage was evident even comparing young donors: PHSC expansion 
in young B6 BMC (to 276 RU) was 1.9 times as high as in young BALB 
BMC ( to 147 RU), and 2.9 times as high as in young D2 BMC (to 96 
RU). The same genetic differences that retard PHSC senescence in the B6 
strain may also increase PHSC self-renewal. 


Measuring PHSC Senescence In Vivo 


Studies in vivo that continue for a substantial fraction of the life span are 
required to test PHSC, since their most important feature is long-term 
function. Multilineage repopulation alone fails to demonstrate PHSC 
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function, since short-term precursors can be multilineage; in fact, most of 
the multilineage precursors assayed over the short term are more differ- 
entiated than PHSC (Zhong et al. 1996). In the current study, in Figure 2, 
competitive repopulation directly measures how well PHSC produce 
mature lymphocytes and erythrocytes for about a third of the murine life 
span. Normal PHSC function in vivo is tested, while avoiding potentially 
confusing effects from unnatural environments in vitro or from cell 
manipulations used for enrichment. 


PHSC Senescence Is Genetically Regulated 


The decline in PHSC repopulating ability with increasing donor age seen 
in BALB and D2 mice suggests that PHSC from these strains become 
senescent. This agrees with results from inbred CBA mice (Harrison 1983) 
and B6 © D2 allophenic mice (Van Zant et al. 1990) and fits well with the 
classic idea that cellular function decreases with donor age (Hayflick 
1965). Our observation that PHSC from old B6 donors repopulate recipi- 
ents better than those from young B6 is also consistent with previous 
reports (Harrison et al. 1989; Van Zant et al. 1990; Morrison et al. 1996). 

Effects of age on PHSC self-renewal were shown by the results from 
competitive repopulation after serial transplantation (Table 1). By mea- 
suring re-transplanted RUs in carrier BMC, we compare the amount of 
expansion from PHSC in the original dose of donor marrow cells received 
by each carrier. Since the same competitor was used for old and young 
donors of the same strain, the total RU per carrier is directly comparable 
between each strain’s young and old donors. In BALB and D2 mice, both 
repopulation (Fig. 2) and self-renewal (Table 1) declined with age, 
although measures of self-renewal showed a greater decline. In B6 mice, 
self-renewal declined slightly, but not significantly, with age (Table 1), 
differing from competitive repopulation where B6 PHSC repopulation 
increased with age (Fig. 2). 

We suggest two possible mechanisms to explain the genetic differ- 
ences. First, old PHSC may have a homing defect (Morrison et al. 1996), 
and this defect may be much more severe in BALB and D2 than in B6 
cells. Serial transplantation followed by competitive repopulation requires 
original donor PHSC to home twice, so effects of the homing deficiency 
would be amplified. Second, B6 PHSC may have a proliferative limit but 
at a much higher level than the limits of BALB and D2 PHSC. Serial trans- 
plantation requires extra proliferation and thus shows more of a function- 
al decline with age. Such a decline is consistent with results reported in 
human hematopoietic stem cell candidates (Landsdorp et al. 1994). 


Repopulating Patterns 123 


B6 Genes Are Dominant in PHSC Senescence 


The old/young RU ratio for the BALBxB6 F, was larger than 1, as with 
B6 (Chen et al. 2000a). Old/young RU ratios calculated from data in 
Harrison (1983) for the B6xCBA and WBxB6 F hybrids are also larger 
than 1, whereas ratios for the CBA/CaJ parent strain are less. Thus, in dif- 
ferent F, hybrids between B6 and a parent strain showing PHSC senes- 
cence, the B6 pattern is dominant. 


Genetic Effects on PHSC Aging 


The strain comparisons and genetic analyses reported here lead to the fol- 
lowing model: PHSC self-renewal is limited in BALB and D2 mice, so 
PHSC from 20—24-month-old donors show functional defects. Far more 
self-renewal can occur in B6 PHSC, so that in old age, PHSC function 
increases to compensate for other aging defects; thus old donors have 
more PHSC function than young donors. This B6 phenotype is genetical- 
ly dominant since it is shown by F , hybrids. However, when self-renewal 
is rigorously tested and PHSC from old and young B6 donors are serial- 
ly transplanted into lethally irradiated carriers, even in the B6 strain there 
is a small decline with age. The decline with age in BALB and D2 is far 
greater; these strain differences in RU expansion in the carriers demon- 
strate an enormous range of PHSC proliferative potentials. 


Competitive Dilution 


An important step in defining the biology behind increased PHSC func- 
tion is to test whether the increase is in numbers of PHSC, function per 
PHSC, or both. CXB-12 mice have more PHSC as well as more repopu- 
lating ability per PHSC. This is detailed in Figure 3. Each of the F_ recip- 
ients is given 5 x 10* CXB-12 donor BMC mixed with 5 x 10° F, com- 
petitor BMC. After 6 months, 11 of the 37 recipients have 0% CXB-12 
type (Gpi/*) blood cells. This gives the average PHSC number as N = —In 
(11/37), so N = 1.2 PHSC in 5 x 104 BMC, or 2.4 PHSC in 10° BMC in 
CXB-12 mice. 

To compare relative repopulating functions F' of individual CXB-12 
PHSC, we produce three sets of predictions. Of these, F = 1.4 times the 
function of the standard fits the real data almost exactly (Fig. 3), and the 
differences between predicted and observed values for F = 1 or F = 2 are 
significantly larger than those for F = 1.4. Thus, each CXB-12 PHSC is 
1.4 times as efficient as each F, PHSC in engrafting F, recipients. Doses 
of CXB-12 BMC are very low, so hybrid resistance is not saturated, and 
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Figure 3 CXB-12 cell numbers and repopulating abilities per cell. The observed 
donor cell percentages after 6 months for the 37 recipients in the competitive 
dilution assay described in the text are ranked from low to high and shown as 
OBS (filled circles). We hypothesized three levels of repopulating potential, F, 
for each CXB-12 donor PHSC relative to F = 1 for each CByB6F1 competitor 
PHSC: F = 1 (filled diamond), F = 2 (open diamond), and F = 1.4 (open circle), 
and generated three sets of predictions based on combined Poisson probabilities 
as described in the text. The predictions from models F' = | and F = 2 were sig- 
nificantly different from actual observations, thus, models F = | and F = 2 were 
rejected. Predictions from model F = 1.4 were not significantly different from 
actual observations. Thus, F' = 1.4 best represents the repopulating ability of a 
CXB-12 PHSC relative to that of a CByB6F1 PHSC (Chen et al. 2000b). 


thus it reduces PHSC numbers and increases the advantage of the F, 
hybrid competitor cells. Concentrations of 2.4 PHSC per 10° BMC, and 
functions of 1.4 times the standard, are minimum estimates. 


CXB-12 BMC Do Not Kill Competitor PHSC 


Since the model calculates data with the normal condition of 1 PHSC per 
10° cells for the F , competitor, the extremely good fit between the model 
and real data in Figure 3 suggests that there is no killing of standard com- 
petitor F, PHSC by CXB-12 BMC. Thus, the CXB-12 repopulating 
advantage does not result from an immune reaction or other destruction 
of the standard competitor cells. The degree of killing required would 
have reduced competitor numbers so the model failed to fit with the 
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expected F, concentration of 1.0 PHSC per 10° competitor BMC. 
Additionally, if the F, standard PHSC N had been reduced by reaction 
with CXB-12 BMC, we would expect some recipients to have 100% 
donor-type cells. However, none of the recipients in this experiment had 
100% donor-type cells. 

The very high number and function of CXB-12 PHSC may be main- 
tained by alterations in a receptor that regulates this cell type, or in its lig- 
and. Increases in numbers of PHSC could result from changes in either lig- 
and or receptor; however, the increased proliferative capacity of CXB-12 
cells after transplantation in normal recipients suggests that the change is 
intrinsic to the PHSC, perhaps an altered receptor. Understanding the CXB- 
12 phenotype may eventually lead to improved clinical transplantation pro- 
cedures to enhance the effectiveness of PHSC in marrow transplantation. 
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STEM CELLS: A SPECIAL CASE OF PATTERNED 
GROWTH REGULATION 


Adult multicellular organisms are massively larger than the eggs from 
which they arise. To a significant degree, the final shapes of tissues, 
organs, and, ultimately, bodies are dictated by highly regulated cell 
growth processes that spatially and temporally control the rates of cell 
division within tissue primordia. Biologists have made great advances in 
understanding this fundamental problem during the last ten years. The 
molecular regulation of the cell cycle has been largely deciphered, and 
many aspects of intercellular signaling, which regulate growth spatially, 
have also been clarified. Now, in favorable systems such as the 
Drosophila embryo and larval imaginal discs (for review, see Edgar and 
Lehner 1996), as well as in vertebrate organ primordia (see Clarke and 
Tickle 1999), complex mechanisms that integrate patterning and growth- 
promoting signals are being learned. The major signaling systems medi- 
ated by hedgehogs, epidermal growth factors, bone morphogenetic pro- 
teins, fibroblast growth factors, and wingless/wnts frequently stimulate, 
modulate, or repress the growth rates of receptive cells. Eventually, pro- 
liferation ceases when a programmed size and morphology has been 
achieved, presumably due to changes in the signals and in cellular respon- 
siveness. 

On the basis of the studies described below, we have come to regard 
adult stem cells as a special case of developmental growth regulation, 
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albeit a particularly interesting and potentially informative one. We define 
an adult stem cell as a cell residing within an adult tissue that divides, 
either autonomously or in response to regulated signals, to produce cells 
that contribute to organismal homeostasis. Stem cells make it possible for 
tissues to recover from injuries and to continue functioning well beyond 
the average lifetime of their component cells. They make possible organ 
systems such as epithelial and germinal tissues which regularly produce 
progeny that are shed from the body. Our studies of Drosophila stem cells 
suggest that as the adult form is realized and most cells cease division and 
complete their differentiation, stem cells continue to receive and respond 
to internal or external growth-promoting signals. Moreover, differentia- 
tion has contrived to stabilize the anatomical context and signaling envi- 
ronment experienced by these cells. Daughter cells move away, leaving 
the microenvironment within and around the stem cells unchanged, ensur- 
ing that their activity will continue. 

This view of stem cells raises a variety of obvious questions. Do the 
cells that become adult stem cells require a particular developmental his- 
tory, or can they be selected from among a wide variety of relatively 
undifferentiated embryonic cells? Do they express characteristic stem cell 
genes, or do they simply reside in a special anatomical context or niche? 
Are there special signals that act in the permanent context of an adult 
stem cell, or do they utilize the same growth-promoting signals as in 
developing tissues? Other than the requirement to disperse and differen- 
tiate to avoid tumor formation, do stem cell progeny play any role in reg- 
ulating their activity? Likewise, do processes internal to stem cells such 
as differential divisions play a necessary role in programming daughter 
cells to take on different fates? How long do individual stem cells live, 
and can they be replaced during adult life? How variable are the mecha- 
nisms that program and maintain stem cells? Are some common to stem 
cells in different tissues, or between related tissues of evolutionarily dis- 
tant species? To address all these questions, it is necessary to have sys- 
tems where stem cells and their neighbors can be identified and geneti- 
cally perturbed. In this review, we describe studies on one such system, 
the stem cells of the Drosophila ovariole, which can be studied with a 
high level of anatomical precision and genetic sophistication. 


THE OVARY: A STEM CELL-BASED TISSUE 


The ovary requires highly active stem cells because it is a large-scale egg 
production machine. Drosophila females are able to produce massive num- 
bers of eggs continuously (more than half the adult’s weight per day) dur- 
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ing adult life (for general reviews, see King 1970; Spradling 1993). The 
prodigious reproductive capacity of ovaries results from a highly parallel 
design. Each of the paired ovaries contains about 16 ovarioles that each 
independently produce eggs (see Fig. 1A). At its anterior end, every ovari- 
ole contains a special region known as the germarium, where permanent 
germ-line stem cells (GSCs) and somatic stem cells (SSCs) reside, followed 
by increasingly older and more mature germ cells, followed by a string of 
progressively older ovarian follicles (see Fig. 1B). Young females of most 
strains contain two or three GSCs at the anterior tip of the germarium (Lin 
and Spradling 1993; Margolis and Spradling 1995; Xie and Spradling 
2000). Drosophila follicles contain not just an oocyte, but a cyst of 16 inter- 
connected germ cells. Cysts form near the anterior of the germarium, and 
then move posteriorly, first in a double file and then a single file, until they 
finish acquiring a somatic follicular layer and bud off the posterior end of 
the germarium. Throughout life, follicles continue to mature, move posteri- 
orly in the ovariole, and, when complete, exit the ovariole at its posterior 
end. The loss of completed oocytes is balanced by the continued production 
of new follicles in the germarium, and the entire process from stem cell to 
mature egg requires only about 8 days to complete. 

The distinctive cell biology of early germ cell development greatly aids 
the study of ovarian stem cells and their progeny, which would otherwise be 
hard to distinguish in the germarium. After a GSC divides, one daughter 
remains as a stem cell at the tip while the other daughter differentiates into 
a cystoblast. Cystoblasts subsequently undergo four rounds of synchronized 
cell division without cytokinesis to form16-cell cysts, whose individual germ 
cells are interconnected by ring canals and a fusome. Fusomes are specialized 
vesicular organelles that are known to be present primarily in germ cells (for 
reviews, see Telfer 1975; de Cuevas et al. 1997). They contain membrane 
skeletal proteins including o- and B-spectrins, and Hu-li Tai Shao (Hts), that 
may form a cytoskeletal meshwork to retain the vesicles (for review, see 
McKearin 1997; de Cuevas et al. 1997). Completed 16-cell cysts become 
wrapped with somatic follicle cells as they pass through the middle portion 
of the germarium. These somatic cells are produced by exactly two SSCs 
located on opposite sides near the middle of the germarium that divide about 
every 9.6 hours (Margolis and Spradling 1995). So far, neither fusomes nor 
any other distinctive cytoplasmic structures have been observed in somatic 
stem cells. 

The ovariole provides at least two major advantages for stem cell 
studies. First, the linear organization and steady posterior movement of 
cells in the ovariole allows the past activity of the stem cells to be deduced 
for many days after it has occurred. Second, individual stem cells can be 
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Figure 1 The Drosophila ovariole is a model system to study stem cells and their 
niches. (A) Explanatory diagram of ovaries (top) and a colored ovariole (bottom). 
Every wild-type female has a pair of ovaries, and each ovary has 12-16 ovarioles 
that represent egg assembly lines. In the ovariole, germ-line cells (red) are 
wrapped inside by somatic cells (green). (B) Explanatory diagram of a wild-type 
germarium. The germarium is divided into four regions, 1, 2a, 2b, and 3, based 
on germ-line development stages. In region 1, germ-line stem cells and all mitot- 
ic germ-line cysts reside. In region 2a, all germ-line cysts are 16-cell cysts but 
not surrounded by somatic follicle cells, whereas all region 2b cysts are lens- 
shaped and start to be wrapped by somatic follicle cells. In region 3, stage 1 egg 
chambers are ready to bud off. (C) Micrograph of a wild-type germarium after 
immunofluorescent labeling with anti-Vasa (red) and anti-Hts (green) antibodies. 
Two germ-line stem cells at the anterior contain spectrosomes (closed arrow- 
heads), and developing cysts at the posterior are connected by branched fusomes 
(open arrowhead). (D) Wild-type germarium showing a germ-line stem cell 
clone and a somatic stem cell clone (for experimental procedures for generating 
the clones, see Xie and Spradling 1998). This germarium is immunostained with 
anti-lacZ (red) and anti-Hts (green) 1 week after heat shock treatment. Marked 
stem cell clones can be identified by their absence of LacZ expression. The 
closed arrowhead indicates a marked germ-line stem cell, and its progeny are 
also marked and lie at the posterior, whereas the open arrowhead indicates the 
progeny of a marked somatic stem cell clone. (Z) Tumorous germarium from a 
hs-gal4/UAS-dpp female generated after 4 days of heat shock treatments. In the 
germarium stained with anti-Vasa (red) and anti-Hts (green), all germ-line cells 
are single cells with spectrosomes (one indicated by closed arrowhead) that 
resemble germ-line stem cells. This phenotype is identical to those of mutant 
bam and bgcn germaria. (F) Germarium losing all germ-line stem cells. This is a 
2-week-old sax mutant germarium stained with anti-Vasa (red) and anti-Hts 
(green), showing that no germ-line stem cells exist in the germarial tip (closed 
arrowhead). Mutations in many genes such as pum, nos, piwi, Yb, and dpp cause 
similar stem cell loss phenotypes. (G) Enhancer trap line labeling cap cells and 
inner sheath cells. The germarium stained with anti-LacZ (red) and anti-Hts 
(green) antibodies shows inner germarial sheath cells and cap cells (red, nuclei) 
covering regions | (two spectrosomes indicated by closed arrowheads) and 2a. 
(H) Germarium with labeled terminal filament and cap cells. The germarium 
stained with anti-Lamin C (green, labeling nuclear membrane of both TFs and 
CPCs) and anti-Hts (red) antibodies shows germ-line stem cells (their spectro- 
somes indicated by closed arrowheads) contacting cap cells (indicated by open 
arrowhead). (I) Explanatory diagram for germ-line stem cell niche structure and 
function. The scale bar in C represents 10 um, and all micrographs are shown at 
the same scale. Abbreviations: (TF) Terminal filament; (GSCs) germ-line stem 
cells; (CPC) cap cells; (IGS) inner germarial sheath cells; (CB) cystoblasts; 
(SSCs) somatic stem cells. 
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precisely recognized, and distinguished from subsequent developmental 
stages. Ovarian GSCs can be distinguished from neighboring cells by 
their size, location, and the precise structure of their fusome (see Fig. 
1B,C). GSCs are the largest and most anterior germ-line cells in the ger- 
marium. GSCs and cystoblasts contain a round fusome (also called a 
spectrosome), whereas germ cells in developing and completed cysts con- 
tain branched fusomes. The exact structure of the fusome in stem cells 
and cystoblasts can even indicate their cell cycle stage (see de Cuevas and 
Spradling 1998). A round fusome accompanied by a small “plug” of 
fusome material in the ring canal joining it with its daughter cystoblast 
indicates a G, or early S-phase stem cell. Later in G, and S phase, the 
stem cell fusome extends to join old and new fusome components, creat- 
ing an elongated fusome (de Cuevas and Spradling 1998). Finally, in late 
S or G, phase, the fusome breaks in two, reverts to a round shape, and the 
stem cell and daughter cystoblast lose cytoplasmic contact. During G, and 
early S phase, cystoblasts resemble stem cells in their fusome morpholo- 
gy, but can be recognized since they are located more posteriorly and do 
not contact the cap cells. Later in their cell cycle, cystoblasts never dis- 
play an elongated fusome; the old fusome and newly synthesized plug 
simply fuse and the ring canal does not break down. Still older germ cells 
are easily distinguished from stem cells and each other by fusome mor- 
phology and location. 

It is equally important that the somatic cells surrounding GSCs and 
SSCs have been well defined by their unique morphologies and locations, 
and by using molecular markers, which allow the relationships between 
GSCs and their surroundings to be precisely studied (Fig. 1G,H) (for 
review, see Spradling et al. 1997; Lin 1998). 


EXPERIMENTAL METHODS FOR STUDYING STEM CELLS 


Before describing the molecular biology of ovarian stem cells in detail, it 
is worthwhile to briefly mention the techniques that allow their properties 
to be characterized. The major experimental approaches used for study- 
ing stem cells are the same ones that make Drosophila a premier system 
for studying many other aspects of cell and developmental biology. The 
Drosophila genome has been completely sequenced (Adams et al. 2000), 
and mutations in thousands of different genes have been identified (see 
Flybase Consortium 1999). Large-scale genetic screens can be carried out 
that have the potential to identify any Drosophila gene by a loss-of-func- 
tion or gain-of-function phenotype (see Greenspan 1997; Rerth et al. 
1998). Special techniques have been developed to misexpress genes in a 
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regulated manner, to construct mosaic animals that lack gene function in 
special cell subgroups, and recently, for homologous gene knockouts. 
These resources can be applied more quickly and with less expense than 
in vertebrate models. Finally, a large cadre of Drosophila researchers have 
already generated extensive knowledge about fundamental processes like- 
ly to be relevant for understanding stem cell regulation. 

Several techniques are used heavily in stem cell studies. One is the 
ability to mark cells genetically using site-specific recombination to acti- 
vate a lacZ gene within random members of cell populations (Harrison 
and Perrimon 1993). GSCs can be unambiguously marked, and the num- 
ber and development of their labeled progeny can be studied so that the 
self-renewal capacity and division rate of stem cells can be measured 
quantitatively (Fig. 1D) (Margolis and Spradling 1995; Xie and Spradling 
1998). By creating marked stem cells that are also homozygous for a 
known mutation, it is possible to test the role of specific genes in stem cell 
function (Xie and Spradling 1998). Mutants that have defects in stem cell 
maintenance and differentiation can be identified among collections of 
candidate mutations isolated in genetic screens using this test (Fig. 1E,F) 
(Spradling et al. 1997; Lin 1998). A second important technique is the 
ability to visualize the stem cells and their surrounding cells by confocal 
microscopy. 

Somatic stem cells are more difficult to identify than GSCs. SSCs 
strongly resemble the flattened, inner germarium sheath (IGS) cells among 
which they reside. Currently, there are no known morphological or molec- 
ular markers that distinguish SSCs from their neighboring IGS cells. SSCs 
do not contain a detectable fusome or other cytological specialization. 
However, SSCs can be genetically marked using the same techniques 
described above for GSCs, and the division and differentiation of their 
marked progeny can be studied (Fig. 1D) (Margolis and Spradling 1995). 
Under these conditions, an SSC can be recognized as the most anterior 
lacZ-positive cell of a somatic stem cell clone, and its precise location rel- 
ative to nearby cells can be tested by double labeling using appropriate 
markers. SSC behavior can then be tested by observing how SSCs marked 
with /acZ are affected by genetic or environmental perturbation. 


REGULATION OF GERM-LINE STEM CELLS 
Internal Versus External Regulatory Mechanisms 
A major issue in understanding ovarian stem cell regulation has been to 


distinguish whether regulation occurs primarily as a result of internal or 
external mechanisms. In the Drosophila embryo, neuroblasts, progenitors 
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of the central nervous system, clearly undergo asymmetric divisions to 
regulate the cell fates of both progenitors and their progeny (for review, 
see Matsuzaki 2000). Interestingly, in the Drosophila ovary, the asymme- 
try of germ-line stem cell division is revealed by the asymmetric segre- 
gation of their spectrosomes, as described above. However, spectrosomes 
can be completely eliminated by hts gene mutations without affecting the 
maintenance and division of germ-line stem cells at all, although cyst 
development and the cyst asymmetry are affected (Lin and Spradling 
1997; Deng and Lin 1997). These results indicate that spectrosomes and 
the asymmetry associated with them are not essential for the germ-line 
stem cell maintenance and division, but instead, set the asymmetry for 
later germ cell development. 

There are two major issues concerning external mechanisms that act 
on stem cells. The first is to identify the signals and their cellular sources 
that act on stem cells. During development, cells frequently send and 
receive information from neighboring cells that critically affect their sub- 
sequent behavior. Signals may initiate steps on differentiation pathways 
that change the cells’ internal properties and subsequent responsiveness 
to additional signals. Moreover, as noted above, many signals regulate 
cell proliferation rates. Consequently, understanding the signals that 
affect stem cell differentiation and growth lies at the heart of understand- 
ing stem cell function. A number of genes have been identified that are 
strong candidates for encoding products that directly or indirectly control 
signals sent from somatic cells and received by GSC (see below). At pres- 
ent, the best evidence exists for Dpp, and in addition, mutations in at least 
four genes outside the known dpp pathway also seem to act via changes 
in external signaling. However, there are still some uncertainties regard- 
ing how each of these genes acts on GSC. 

A second issue regarding external signals provided by surrounding 
somatic cells concerns their stability in the absence of a stem cell target. 
In mammalian systems, stromal cells have been hypothesized to form spe- 
cial microenvironments or niches for stem cells (for review, see Potten and 
Loeffler 1990). Some recent evidence from diverse organisms and tissue 
types supports the existence of stem cell niches (for review, see Kimble 
and Simpson 1997; Morrison et al. 1997; Mayer et al. 1998; Gage 2000; 
Schoof et al. 2000; Slack 2000; Watt and Hogan 2000; Weissman 2000). 
However, the difficulty in studying and manipulating these stem cells and 
their surroundings in vivo has so far made it impossible to define the struc- 
ture and function of any specific stem cell niches. Drosophila ovarian stem 
cells have recently been shown to reside in a functional stem cell niche. 
Investigations into how it operates are beginning to reveal interesting reg- 
ulatory principles that may pertain more widely. 
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Extracellular Regulation of GSC: The Existence 
of a Stem Niche 


The cells surrounding ovarian stem cells are organized into an asymmet- 
ric structure. In principle, this asymmetry would allow the two daughters 
of a stem cell to find themselves in different microenvironments whose 
differing signals would lead them to adopt different cell fates. The anteri- 
or tip of the germarium contains three differentiated somatic cell types: 
terminal filament cells, cap cells, and inner germarial sheath cells (Fig. 1) 
(for review, see Spradling et al. 1997; Lin 1998). GSCs directly contact 
cap cells anteriorly and inner sheath cells laterally. In contrast, cystoblasts 
are closer to inner sheath cells than to cap cells. Somatic stem cells also 
experience an asymmetric environment. SSCs reside in region 2a, near 
the boundary with region 2b, where they touch inner sheath cells anteri- 
orly. However, the progeny of SSC division move posteriorly where they 
are no longer in direct contact with IGS cells. The asymmetry in the orga- 
nization of the cells surrounding ovarian stem cells may ensure that two 
stem cell daughters interact with different sets of cells, and potentially 
receive different signals, which makes the existence of the stem cell nich- 
es possible. In the Drosophila testis, germ-line stem cells and somatic 
stem cells are anchored to the terminally differentiated somatic hub cells, 
and their differentiated progeny also move away from the hub cells, sug- 
gesting that both ovaries and testes use similar strategies to regulate their 
stem cells (see Chapter 8). 

Some or all of these cell types appear to produce signals that are 
required for the normal functioning of the GSCs. Presently, the BMP 
pathway is the only characterized signaling pathway that is required to 
maintain GSCs. Genetic studies of downstream components in the path- 
way show that a BMP signal must be received in the GSC itself (Xie and 
Spradling 1998). This signal is most likely encoded by decapentaplegic 
(dpp), a Drosophila homolog of human bmp 2 and 4, and is directly 
received by germ-line stem cells (Xie and Spradling 1998). Dpp and 
BMP2 and 4 are transforming growth factor-B (TGF§)-like secreted 
growth factors. Overexpression of dpp in somatic cells prevents germ cell 
differentiation and results in the formation of stem cell-like tumors, 
whereas reductions in dpp expression cause germ-line stem cells to dif- 
ferentiate and exit the germarium (see Fig. 1E,F) (Xie and Spradling 
1998). Interestingly, BMP4 is also implicated in the proliferation and for- 
mation of primordial germ cells in the mouse, suggesting that the ability 
of TGFB-like growth factors to regulate germ-line stem cells has been 
conserved (Lawson et al. 1999; also see Chapter 9). Dpp mRNA is 
expressed in cap cells, IGS cells, and the SSC lineage, and levels appear 
to be relatively uniform in the neighborhood of the GSCs. Unfortunately, 
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the lack of a suitable anti-Dpp antibody means that it remains uncertain 
whether Dpp protein levels are also uniform. Finally, until a genetic func- 
tion can be demonstrated in somatic clones of cup cells or IGS cells, it 
cannot be completely ruled out that a low level of dpp expression takes 
place in germ cells themselves and that it is this expression which is 
essential for stem cell maintenance. 

Two other growth factors, wingless (wg) and hedgehog (hh), often 
function together with dpp synergistically or antagonistically to regulate 
cell growth and differentiation during embryonic and larval development. 
Both Wg and Hh are also produced in the germarium (for review, see 
Lawrence and Struhl 1996). wg is highly expressed in cap cells, and AA is 
expressed highly in terminal filament and cap cells (Forbes et al. 
1996a,b). The presence of Hh, for example, a known inducer of Dpp 
and/or Wg signaling molecules, suggests that some of the same pathways 
that signal embryonic and larval cell growth might be used in the ovary. 
At least some of the interactions among these players appear to differ 
between the embryo and the ovariole. For example, increasing Hh up- 
regulates Ptc, but does increase wg expression, at least as measured by a 
wg-lacZ reporter (Forbes et al. 1996b). Roles for wg and hh in GSC reg- 
ulation remain to be determined. 

Two other genes, fs(1) Yb (Yb) and piwi, also contribute to GSC main- 
tenance (Cox et al. 1998; King and Lin 1999). Unlike dpp, the biochem- 
ical function of these proteins is unclear. Whereas the structure of Yb is 
novel, Piwi is part of a highly conserved protein group found in plants, 
worms, Drosophila, mice, and humans. Both genes act in somatic cells, 
because mutations in either gene cause GSC loss, but clones of germ cells 
lacking either Yb or Piwi can complete differentiation (Cox et al. 1998; 
King and Lin 1999). Piwi is highly expressed in the somatic cells includ- 
ing cap cells that adjoin GSCs, and may influence maintenance signals 
(including possibly Dpp) from these cells. When piwi was overexpressed 
in somatic cells using a hs-GAL4 driver and an EP-piwi responder, addi- 
tional GSC-like cells accumulated in region 1 of the germarium (Cox et 
al. 2000), similar to the effects of somatically overexpressing dpp (Xie 
and Spradling 1998). In addition, piwi is expressed at a high level in 
GSCs and at lower levels in cystoblasts and dividing cysts. GSCs lacking 
piwi are maintained but divide slowly (Cox et al. 2000). Piwi is localized 
to the nucleoplasm, and to explain these effects, Piwi is hypothesized to 
influence the production of gene transcripts that have different targets in 
somatic cells and GSCs (Cox et al. 2000). 

The differentiated somatic cells surrounding the GSCs send important 
signals that help maintain and regulate these cells. However, if the sur- 
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rounding somatic cells form a true GSC niche, a functional niche should 
exist without resident stem cells, and an empty niche should allow other 
undifferentiated cells to occupy it and become stem cells. This prediction 
has been directly tested by generating marked GSCs mutant for dpp down- 
stream components in the ovary (Xie and Spradling 2000). Removal of 
dpp downstream components increases germ-line stem cell loss rates and 
generates more empty stem cell niches. Interestingly, these empty stem 
cell niches are efficiently repopulated. Wild-type GSCs have a half-life of 
4-5 weeks, indicating that stem cells also turn over naturally (Xie and 
Spradling 1998). Because stem cell replacement also happens naturally, 
stem cell loss is much slower than is predicted by its half-life of 4-5 weeks. 
In this way, the functional life of the ovary has been prolonged, and the 
number of stem cells can be stable for an extended period of time. 

The way germ-line stem cells are replaced is also very interesting. 
Normally, a germ-line stem cell divides along the anterior—posterior axis of 
the germarium so that one daughter remains in contact with cap cells and 
the other daughter moves away and differentiates. After a GSC is lost, one 
of its neighboring stem cells changes its division plane by about 90°, and 
the usually differentiating daughter occupies the empty stem cell niche and 
both stem cell daughters gain stem cell identity. This change in the division 
plane is reminiscent of the cleavage orientation change of neuronal stem 
cells in the mammalian brain (Chenn and McConnell 1995). Vertical cleav- 
ages produce identical daughters that resemble stem cells, which may serve 
to maintain the stem cell pool. In contrast, horizontally dividing cells pro- 
duce basal daughters that behave like differentiated neurons and apical 
daughters that remain as stem cells. Therefore, the existence of stem cell 
niches not only explains how stem cell self-renewal versus differentiation is 
regulated, but also how a stable stem cell number is maintained. 


Different Roles for Different Somatic Cell Types 
at the Ovariole Tip 


The germarium also provides an excellent system to study the structure 
and function of niches. Developmental studies implicate the cap cells as 
one key component of the GSC niche (Xie and Spradling 2000). 
Normally, approximately 6 cap cells are organized into a cap-like struc- 
ture at the germarial tip, some of which form special junctions with GSCs 
(Xie and Spradling 2000). In addition, cell junctions are known to be 
important for cell-cell communication. Cap cells may serve to anchor 
GSCs and/or directly signal to them. Interestingly, the number of stem 
cells in the germarium is significantly correlated with the number of cap 
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cells. Germaria with one GSC have an average of 4.2 cap cells, germaria 
with two GSCs have an average of 5.3 cap cells, germaria with three 
GSCs have an average of 6.6 cap cells (Xie and Spradling 2000). Thus, 
cap cells most likely determine niche size and stem cell number. The 
genes dpp, piwi, and Yb, which are known to be essential for germ-line 
stem cell maintenance, are expressed in cap cells, supporting an impor- 
tant role of cap cells in the regulation of germ-line stem cells. 

Both inner germarial sheath cells (IGSs) and terminal filament cells 
(TFs) could also be an integral part of the germ-line stem cell niche. In 
young females, approximately 9 terminal filament cells are tightly pack- 
aged linear disc-shaped cells in which the most posterior one makes 
extensive contact with a cap cell, whereas inner germarial sheath cells 
(IGSs) consist of approximately 35 stretched somatic cells covering the 
regions from region | to region 2a. When females age, TFs start to detach 
from the cap cells and form ball-like structures, and their number dra- 
matically reduces, while the number of IGS cells also decreases with age 
(Xie and Spradling 2000). No good correlations between TFs and GSCs 
or between IGSs and GSCs have been detected in aging females. 
Therefore, the role of TFs and IGSs in the GSC niche could be very com- 
plex, and merits further study in the future. 

Inner germarial sheath cells are a very interesting group of somatic 
cells in terms of their regulation. IGS cells do not exist in a germarium 
derived from an embryonic gonad lacking primordial germ cells, sug- 
gesting that germ cells are required for the formation or maintenance of 
IGSs (Margolis and Spradling 1995). Furthermore, complete elimination 
of germ-line cells in the adult ovary by overexpression of Bam protein in 
GSCs also causes the complete loss of IGS cells, indicating an essential 
role of germ-line cells in the maintenance of IGS cells (Xie and Spradling 
2000). There is also a strong correlation between the number of IGSs and 
the number of germ-line cysts in aging females, further supporting the 
notion that germ-line cells maintain IGS cells. Because all germ cells are 
generated by GSCs, the mitotic activity of GSCs directly regulates the 
number of IGS cells by undefined signals. Therefore, the integrity of the 
GSC niche structure is likely controlled by both functional GSCs and 
niche cells. 


INTRACELLULAR MECHANISMS TO REGULATE OVARIAN STEM CELLS 


The identification of intrinsic factors will greatly help in understanding 
how extrinsic signals from the niche are interpreted in germ-line stem 
cells, and also how asymmetric signaling is translated into intrinsic asym- 
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metry, which regulates stem cell self-renewal and differentiation. Screens 
for female-sterile mutations have identified two major classes of genes 
with opposite effects on germ-line stem cells. Mutations in stem cell 
maintenance genes, such as pumilio (pum), nanos (nos), and vasa (vas), 
cause the differentiation of germ-line stem cells and result in stem cell 
loss (Lin and Spradling 1998; Forbes and Lehmann 1997; Styhler et al. 
1998). They seem to be also required for the differentiation of early germ- 
line cysts since these mutant ovaries accumulate ill-differentiated early 
germ cells. Nos functions cooperatively with Pum as a translational 
repressor in posterior patterning of the early embryo and in pole cell 
migration (Murata and Wharton 1995; Kobayashi et al. 1996). Vas is a 
functional homolog of human eIF-4A, a major translation initiation fac- 
tor, and is expressed throughout cell development of the germ line, 
including in GSCs (Hay et al. 1988; Lasko and Ashburner 1988). 
Therefore, Nos, Pum, and Vas must function in germ-line stem cells and 
early germ cells to regulate gene expression at the level of translation, but 
their targets remain to be identified. piwi has been reported to regulate 
germ-line stem cell division but not maintenance in a cell-autonomous 
manner, besides its non-cell-autonomous role in the regulation of germ- 
line stem cell self-renewal (Cox et al. 2000). Its gene product is present 
in the nuclei of germ-line stem cells, but its function in the nucleus 
remains unclear. 

Mutations in early germ cell differentiation genes, such as bag-of- 
marbles (bam), benign germ cell neoplasia (bgcn), orb, and Sex-lethal 
(Sx/), cause the accumulation of many GSC-like germ cells or early germ- 
line cysts. The bam and bgcn mutant ovaries accumulate a population of 
single germ cells that resemble GSCs, suggesting that both genes function 
in the same pathway to promote cystoblast differentiation (McKearin and 
Spradling 1990; Lavoie et al. 1999). Bam is a novel protein with two dif- 
ferent functional forms, fusome-associated and cytoplasmic (McKearin 
and Ohlstein 1995). It can also interact with one of the vesicle transport 
proteins, Ter94, an AAA ATPase protein, suggesting that Bam may be 
involved in membrane trafficking (Le6n and McKearin 1999). The cyto- 
plasmic form of Bam is present in cystoblasts and is required for their dif- 
ferentiation. Forced expression of bam in GSCs results in their loss 
(Ohlstein and McKearin 1997). Ectopic expression of bam in bgcn 
mutants will not cause germ-line stem cells to differentiate, suggesting 
that bgcn functions downstream of bam (Lavioe et al. 1999). Fusome- 
associated Bam but not its mRNA is affected in bgcn mutants, indicating 
that bgcn must regulate bam function at posttranslational levels. It 
remains to be determined how bgcn regulates bam molecularly. Mutations 
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in orb and Sx/ cause the excessive accumulation of mixed early germ cells 
that fail to form 16-cell cysts. Orb and Sxl are expressed in both germ- 
line stem cells and developing cysts (Christerson and McKearin 1994; 
Lantz et al. 1994). Orb is structurally related to vertebrate cytoplasmic 
polyadenylation element binding protein (CPEB) (Hake and Richter 
1994). CPEB regulates the translation of stored mRNAs after fertilization 
in Xenopus. Sx1 is localized in the cytoplasm of germ-line stem cells, cys- 
toblasts, and two-cell and four-cell cysts (Bopp et al. 1993). The cyto- 
plasmic form of Sxl can bind to U-rich sequences in the untranslated 
regions of mRNAs and regulates their translation (Kelley et al. 1997). 
Likely, Sx] is also involved in translational regulation of some mRNAs in 
early developing germ cells in the ovary. 

As mentioned earlier, dpp directly signals to germ-line stem cells and 
regulates their maintenance and normal cell division (Xie and Spradling 
1998). Many known signaling components in the dpp pathways have been 
shown to be required in germ-line stem cells to transduce the signal. 
Germ-line stem cells mutant for punt, thick veins (tkv), saxophone (sax), 
mothers against dpp (mad), Medea (Med), and schnurri (shn) have sig- 
nificantly shorter life spans and divide significantly more slowly than 
wild-type cells (Xie and Spradling 1998, 2000). Mutations in Daughters 
against dpp (Dad), a negative regulator of the dpp pathway, can prolong 
the life span of germ-line stem cells. Mutations in these genes do not 
affect the normal development of cystoblasts and early developing cysts, 
indicating that the dpp pathway is very specific to germ-line stem cells. 
punt, tkv, and sax encode transmembrane serine-threonine kinase recep- 
tors, whereas mad, Med, and shn encode DNA-binding proteins (for 
review, see Padgett et al. 1998; Padgett 1999). Dad is related to Mad and 
Med, and prevents Mad phosphorylation by receptors and further nuclear 
translocation. Likely, the dpp pathway transcriptionally regulates the 
expression of other genes, which are important for germ-line stem cell 
maintenance and division. Identifying these dpp target genes, and reveal- 
ing the relationships between dpp signaling and the two classes of genes 
discussed above will greatly aid in understanding how germ-line stem cell 
maintenance and division are controlled intracellularly. 


SSC REGULATION 


Less is known about the intrinsic factors for somatic stem cells. One of the 
important signals controlling follicle cell production is the hh pathway 
(Forbes et al. 1996a). patched (ptc)-mutant somatic follicle cells overpro- 
liferate as in Ah-overexpressing ovaries because ptc, encoding a seven- 
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transmembrane protein, is a negative regulator of the hh signaling pathway. 
Thus, SSCs or early follicle progenitors may directly receive the IGS-pro- 
duced hh signal. Notch (N) is known to regulate differentiation of somatic 
follicle cells (Xu et al. 1992; Larkin et al. 1996). Mutations in N cause the 
fusion of egg chambers because of ill-differentiated follicle cells (Xu et al. 
1992). N starts its expression at the region 2a/2b junction, suggesting that 
it could also function in somatic stem cells. Overexpression of activated N 
and its ligand Delta prevents the proper differentiation of somatic stalk 
cells and causes the accumulation of excessive somatic cells in stalks 
(Larkin et al. 1996). Notch family members have been known to regulate 
stem cell proliferation in different organisms (Kimble and Simpson 1997). 
It is still unclear whether the mitotic activity and number of SSCs are 
affected in loss-of-function and gain-of-function N mutants. 

Little is known about the structure and function of the SSC niche. 
However, circumstantial evidence suggests that posterior IGS cells form 
the SSC niche. Hh is expressed at low levels in IGSs, which is revealed 
by one enhancer trap line. Interestingly, overexpression of hh or removal 
of a negative regulator of the Hh pathway, patched (ptc), from SSCs and 
their progeny can lead to overproduction of somatic follicle cells (Forbes 
et al. 1996a,b). This overproliferation takes place near the 2a/2b junction 
where SSCs and their immediate daughters are located, suggesting that it 
could be caused either by increasing stem cell number or activity. In order 
to study SSCs and their niche effectively, SSC molecular markers and the 
IGSs surrounding SSCs need to be better defined in the future. 


DEFINING STEM CELLS INDEPENDENTLY FROM THE 
BEHAVIOR OF THEIR PROGENY 


In this chapter, we have defined stem cells by their ability to produce 
offspring indefinitely while remaining in a stable physical location and 
cellular state. What the ultimate fate of these progeny cells is, or their 
manner of differentiation, has no real importance to the mechanisms that 
govern the stem cell itself. For example, even if each progeny cell simply 
moved away from its site of birth, failed to undergo any changes in its 
state of differentiation, and finally died, the stem cell would still be a stem 
cell in this sense. Although such a pointless situation is unlikely to exist 
normally, mutations such as bam and bgcn cause just such a change; in 
our view, such mutations are not stem cell mutations but mutations regu- 
lating progeny differentiation. 

The term stem cell is sometimes used in a quite different sense, how- 
ever, to mean the founder of a complex lineage of multiple daughter cell 
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types. In this view, it is the complexity of its progeny cells, and in partic- 
ular the regular production of at least two different types of progeny, that 
distinguish a cell as a stem cell. By this definition, stem cells are almost 
ubiquitous in embryos. More than 70% of the cell divisions during 
Caenorhabditis elegans embryogenesis are asymmetric, indicating that 
the progeny have different fates. All these cells would be stem cells. Most 
organisms lack the low cell number and invariant cell lineage of C. ele- 
gans; whether a cell’s progeny differentiate into multiple cell types or not 
is only determined later, as a result of cell-cell interactions. We believe 
that this alternative definition of a stem cell has lost its usefulness now 
that the predominant role of intercellular signaling in controlling devel- 
opment and differentiation has been established. 


FUTURE ISSUES 


We have seen that GSCs, and probably SSCs, are controlled by complex 
signals orchestrated by surrounding somatic cells that form a niche. The 
structure of the niche likely gives it the ability to maintain GSCs located 
within it and to specify a cystoblast fate for more posteriorly located prog- 
eny cells. Ovariole tips with apparently normal morphology form in the 
absence of germ cells. A future goal will be to understand how the GSC 
niche is specified during ovarian development and how its structure is 
maintained. Are there commonalities in the design and specification of 
anatomical units that can maintain proliferative signals indefinitely in a 
fixed morphological framework? 

Our current knowledge of the molecular regulation of stem cell 
behavior is imperfect but suggests that certain issues are likely to be of 
key importance. Hh, Wg, and Dpp signals are associated with proliferat- 
ing epithelial cells at many stages of development, and they appear to be 
a main engine of ovarian stem cell proliferation as well. How is Hh 
expression maintained in the terminal filament and cap cells, and Wg 
expression in the cap cells? How do these potentially antagonistic signals 
interact to maintain a signaling center that is critical for SSC divisions 
and possibly for GSC activity as well? Second, what is the nature of the 
junction that holds GSCs to cap cells? 

Finally, more needs to be learned about the requirements for a cell to 
become a GSC. Is a highly undifferentiated state necessary? Is it suffi- 
cient? Since GSC maintenance genes such as nanos and pumilio appear 
to act as repressors, one may well answer yes. This would explain why 
GSC daughter cells destined to become cystoblasts could be easily shift- 
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ed to become GSCs. If so, converting other cells into GSCs might require 
that the cells’ current state of differentiation be erased. 


CONCLUSIONS 


The Drosophila ovary provides excellent opportunities for studying the 
relationship between adult stem cells and their niches. Recent identifica- 
tion of intrinsic factors and signals from surrounding cells has provided 
significant insight into molecular mechanisms regulating the mainte- 
nance and division of ovarian stem cells, particularly germ-line stem 
cells. The surrounding differentiated somatic cells have been shown to 
function as a niche for germ-line stem cells. This will be likely true for 
somatic stem cells in the Drosophila ovary and adult stem cells in other 
organisms. In the future, the identification of additional signals and 
intrinsic factors by genetic and molecular approaches will help reveal 
how multiple signals from the niche are integrated to regulate the self- 
renewal, division, and differentiation of ovarian stem cells. Further func- 
tional and structural studies on Drosophila ovarian stem cell niches will 
reveal how niches are built during development, and how long they are 
maintained during the aging process. Finally, the ability of the GSC niche 
to reprogram other cells toward a GSC fate will be more fully assessed. 
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Spermatogenesis is a classic stem cell system. Continuous production of 
highly differentiated, short-lived sperm is maintained throughout repro- 
ductive life by a small, dedicated population of male germ-line stem cells 
(GSCs). Male GSCs are unipotent, devoted solely to the generation of 
sperm, much like epidermal stem cells that give rise only to keratinocytes 
(see Chapter 19). As precursors of the spermatogonial lineage, male 
GSCs must maintain a balance between the production of mature sperm 
and the self-renewal of stem cell potential. 

Male germ-line stem cells are defined by their function as persistent, 
clonogenic founders of differentiating germ cells. They can be identified 
by multiple criteria, including anatomical position within a niche in the 
testis and distinct behavioral and molecular phenotypes. Male GSCs 
exhibit many similarities to other stem cell systems. Spermatogonial stem 
cells are a rare, relatively quiescent population that lies in a protected 
region in the testis among support cells, which may regulate their behav- 
ior. Like all stem cells, male GSCs are the most resistant cells to irradia- 
tion or chemical damage. As with hematopoietic stem cells, spermatogo- 
nial stem cells in mammals are transplantable, with an ability to both 
expand the stem cell pool and to regenerate an entire depleted spermato- 
genic lineage. Spermatogonial stem cells also exhibit signature molecu- 
lar features, such as high expression of B-1 integrin, much like epidermal 
and hematopoietic stem cells. 

The function of male GSCs has broad implications for development, 
disease, and evolution. Spermatogenesis is fundamental for the propagation 
of species. Spermatogenic defects can result in infertility or disease, such 
as testicular germ cell cancer. The ability to identify, isolate, culture, and 
alter adult male GSCs will allow powerful new approaches in animal trans- 
genics and human gene therapy relating to infertility and disease. The male 
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germ line also offers a powerful experimental system to study fundamental 
questions in stem cell biology. Spermatogenesis is a well-studied and 
defined process with many useful tools that can be applied to stem cell 
research. Current advances such as functional identification of male GSCs, 
identification of somatic support cells, and tools to characterize their 
respective roles have established an important foundation for future work. 

Spermatogenesis and male fertility, as dependent on the continual 
production of sperm, have been studied in many organisms ranging from 
invertebrates to vertebrates (Hannah-Alava 1965). The early germ cell 
stages of spermatogenesis have been investigated in arthropods (Lindsley 
and Tokuyasu 1980), moths (King and Akai 1971), teleosts (Upadhyay 
and Guraya 1973), sharks (Callard et al. 1989), reptiles and amphibians 
(Pudney 1995), birds (Lin and Jones 1992; Jones and Lin 1993), rodents 
(Leblond and Clermont 1952a; Oakberg 1956), and primates (Roussel et 
al. 1969; Clermont 1972; Fouquet and Dadoune 1986). Interesting paral- 
lels and contrasts in male GSC behavior have emerged from observations 
on different organisms. For example, the anatomical location of male 
GSCs and their intimate association with somatic cells are conserved in 
many species. One striking difference is variation in the spermatogenic 
cycle, such as seasonal regulation in species that undergo seasonal breed- 
ing compared to continual spermatogenesis throughout reproductive life 
of non-seasonal breeders. 

This chapter focuses on male germ-line stem cell biology in the fruit 
fly Drosophila melanogaster and in mammals (primarily rodents). Much 
of the information on male GSC identification and function has resulted 
from the helpful tools and methods available in these systems. There are 
striking similarities in male GSC location, behavior, and function 
between Drosophila and mammals, suggesting that complementary 
approaches in the two systems will help illuminate the mechanisms of 
male GSC regulation. 

Drosophila provides a genetic system for rapid identification of 
genes required for normal male GSC behavior based on unbiased muta- 
genesis screens (for review, see Fuller 1993). In addition, tools for mitot- 
ic recombination and genetic marking (Xu and Rubin 1993; Lee and Luo 
1999) can be used in lineage analysis experiments to identify and follow 
the behavior of male GSCs, either in the wild type or in mutants (Génczy 
and DiNardo 1996). Similar mitotic recombination tools allow tests of 
whether a gene required for normal stem cell behavior functions cell- 
autonomously (in the germ line) or non-autonomously (in the soma) 
(G6nczy et al. 1997; Matunis et al. 1997; Kiger et al. 2000; Tran et al. 
2000). Finally, the transparency and simple organization of the 
Drosophila testis allow in vivo identification of spermatogonial stem 
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cells and phenotypic demonstration of mutational effects without disrupt- 
ing the local stem cell microenvironment. 

In mammals, early spermatogonial cells, including the GSC popula- 
tion, can be physically manipulated. Donor male GSCs can be transplant- 
ed into recipient host testes to assay stem cell function (Brinster and 
Avarbock 1994; Brinster and Zimmermann 1994). The transplant assay 
can be used for lineage analysis or to test whether requirement for a gene 
function is cell-autonomous or non-cell-autonomous (Ogawa et al. 2000). 
As in the fly, the ability to dissect and section the mammalian testis allows 
phenotypic analysis of spermatogonial cells in situ. In addition, the abili- 
ty to make targeted gene disruptions in mice can be used to test the genet- 
ic requirements for male GSC function. 

Many of the questions that arise about male GSC biology could be 
asked of stem cells in any system. What regulates male GSC specification 
from precursor populations in the embryo? What regulates initiation of the 
spermatogonial stem cell divisions? How are male GSCs defined and iden- 
tified? Where are GSCs located in the testis, and what cells make up their 
microenvironment? Do somatic cells form a niche that regulates GSC 
behavior? Are stem cell divisions asymmetric or symmetric? What are the 
molecular mechanisms that maintain a balance between self-renewal of 
stem cell identity and initiation of differentiation when stem cells divide? 
Are these critical mechanisms under intrinsic or extrinsic control? 

We review these questions below, each with an introductory discus- 
sion on male GSCs in general, followed by more detailed information that 
specifically relates to Drosophila or mammalian male GSCs. For more 
information, see earlier reviews on germ-line stem cells (Cooper 1950; 
Hannah-Alava 1965; Lindsley and Tokuyasu 1980; Fuller 1993; Meistrich 
and van Beek 1993a; de Rooij and Grootegoed 1998; Lin 1998). 


SPECIFICATION OF MALE GERM LINE AND INITIATION 
OF STEM CELL DIVISIONS 


The male germ line proceeds through several developmental steps prior to 
establishment and initiation of spermatogonial stem cell divisions in the 
testis (Fig. 1) (for detailed description, see Pringle and Page 1997; 
Saffman and Lasko 1999; Wylie 1999). Primordial germ cells (PGCs) are 
specified as distinct from somatic cell lineages at one of the earliest stages 
in embryogenesis (Fig. 1a). The PGCs proliferate and migrate from their 
site of origin to the future position of the gonad (Fig. 1b), where they asso- 
ciate with somatic gonadal precursor cells to form the gonad (Fig. Ic). 
Once within the gonad, the PGCs differentiate in a sex-specific manner, 
including a distinct program of proliferation and quiescence (Fig. 1de). 
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PGCs in the testis become male germ-line stem cells and initiate the first 
round of spermatogenesis that will produce sperm at the onset of repro- 
ductive age (Fig. If). Finally, male germ-line stem cell divisions are regu- 
lated so that appropriate numbers of stem cells are maintained (Fig. 1g). 

When does the germ line first acquire stem cell potential? Evidence in 
mammals suggests that the earliest PGCs derived in the embryo already 
exhibit aspects of stem cell potential under certain experimental condi- 
tions. Unlike spermatogonial stem cells, however, PGCs are pluripotent, 
giving rise to highly differentiated cells of multiple somatic and germ cell 
lineages (Matsui et al. 1992; Resnick et al. 1992; Shamblott et al. 1998). 
In both flies and mammals, PGCs display additional characteristic differ- 
ences from germ-line stem cells established in the adult male. PGCs can 
proliferate expansively with no differentiation. In contrast, under normal 
conditions, germ-line stem cells maintain their numbers and give rise to 
differentiating gametes. PGCs migrate throughout the embryo, whereas 
germ-line stem cells normally stay within a well-defined niche. Finally, 
PGCs are similar in appearance and behavior in both sexes, whereas germ- 
line stem cells are normally restricted to either male or female gametoge- 
nesis, the products of which exhibit extreme sexual dimorphism. 

Environmental cues may direct the transition from PGC to male germ- 
line stem cell after populating the embryonic gonad. Somatic gonadal cells 
are required for proper development of male germ cells, including expres- 
sion of sex- and stage-specific genes (Staab et al. 1996). The somatic 
gonad also appears to direct the sex-specific program and the timing of 
onset of gametogenesis (for review, see Pringle and Page 1997). However, 
the somatic gonadal cells do not require the presence of germ cells for 
testis formation (Geigy 1931; Aboim 1945; Mintz and Russell 1957). 

The establishment and long-term maintenance of male germ-line 
stem cell divisions appear to be regulated independently. Only a subpop- 
ulation of the PGCs is maintained as male germ-line stem cells through 
adulthood (Hardy et al. 1979; de Roo 1998). One hypothesis is that only 
some PGCs acquire and/or retain stem cell capacity, whereas other PGCs 
directly differentiate without self-renewing divisions. Although the mech- 
anisms are not understood, it is thought that signals from the somatic 
gonad direct which cells from an initially uniform PGC population are 
retained and which cells differentiate. 


Fly 


Germ-line specification and migration in the early Drosophila embryo 
have been studied extensively (for recent reiews, see Rongo et al. 1997; 
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Saffman and Lasko 1999). Germ cells are the first cells formed when pole 
cells bud off at the posterior end of the syncytial embryo (Fig. la). The 
pole cells proliferate to yield a final population of up to 40 germ cells 
(Sonnenblick 1941). To reach the developing gonad, the pole cells are 
first passively moved with the posterior midgut invagination, then active- 
ly migrate across the midgut to contact the mesoderm (Fig. 1b). The pole 
cells split into two groups, migrate into bilateral clusters, and interact 
with a well-characterized population of somatic gonadal precursor cells 
(Boyle and DiNardo 1995; Boyle et al. 1997; Moore et al. 1998). 
Approximately 15 PGCs and 30 somatic gonadal precursor cells coalesce 
to form the embryonic male gonad (Sonnenblick 1941; Poirie et al. 1995). 
After gonad formation, the pole cells are called primordial germ cells in 
Drosophila (Fig. 1c) (Sonnenblick 1941), whereas in mammals germ 
cells are usually referred to as gonocytes at this stage. 

Much less is known about the transition from primordial germ cell 
fate into male germ-line stem cell identity in Drosophila. Early germ cells 
exhibit sex-specific differences once inside the embryonic gonad. For 
example, a certain germ cell marker expressed in the male embryonic 
gonad is not expressed in females (Staab et al. 1996). Gametogenesis is 
also initiated at distinct times in males versus females. Male germ cell 
proliferation and initiation of spermatogenesis must take place prior to 
hatching of the embryo, because differentiating spermatogonia are found 
in first-instar larval testes (Fig. 1d,f) (Kerkis 1933; Sonnenblick 1941). In 
contrast, female germ cells do not initiate oogenesis until days later, at the 
time of the larval—pupal transition (King 1970). Since male GSCs are 
active throughout larval and adult life, stem cell activity can be assayed in 
larval testes, independent of adult male viability or fertility. This is help- 
ful when studying genes required for both adult viability and stem cell 
behavior (see last section). From the initial ~15 PGCs in the embryonic 
testis, only 5—9 male germ-line stem cells are maintained in the adult 
testis (Fig. 1g) (Hardy et al. 1979). 


Mammals 


Primordial germ cells are induced in the embryonic ectoderm of the 
mammalian epiblast (Fig. 1a) (Everett 1943; Lawson et al. 1999; Chapter 
9). In the mouse embryo at 7 days, approximately 100 PGCs are detected 
in the extraembryonic mesoderm based on alkaline phosphatase activity, 
a marker of germ cell identity (Ginsburg et al. 1990). The PGCs then 
migrate from the allantois along the hindgut to the genital ridges 
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(Saffman and Lasko 1999). PGCs proliferate during their migration (Fig. 
1b), with more than 10,000 PGCs eventually populating the genital ridges 
(Tam and Snow 1981). 

In males, PGCs are enclosed in seminiferous cords to form the 
gonads. The somatic environment in the seminiferous tubules triggers the 
male-specific differentiation of PGCs into gonocytes (Clermont and 
Perey 1957; Pringle and Page 1997). Gonocytes are morphologically dis- 
tinct from either the PGCs or differentiating female germ cells. Gonocyte 
identity is marked by transition into a nonmitotic state, growth in cell size, 
and the onset of distinct gene expression (Huckins 1963; Li and Gudas 
1997). It is hypothesized that somatic Sertoli cells in the seminiferous 
tubules produce an inhibitory signal that prevents differentiation of PGCs 
into female germ cells and allows progression along the male pathway 
(for review, see Pringle and Page 1997). Cessation of PGC proliferation 
and gonocyte survival are also dependent on the somatic cells. Whereas 
PGCs survived in vitro when cocultured with one of any multiple somat- 
ic cell types, gonocytes survived only when cocultured in the presence of 
Sertoli cells (Resnick et al. 1992; van Dissel-Emiliani et al. 1993). 

Gonocytes relocate to the basal lamina during morphogenesis of sem- 
iniferous somatic cells (Orth 1993). Gonocytes undergo subsequent pro- 
liferative expansion, producing up to 50,000 cells in the mouse, then 
mitotically arrest in the G,/G, phase until after birth (Saffman and Lasko 
1999). Stem cells may develop directly from gonocytes (Clermont and 
Perey 1957) or may arise indirectly via prospermatogonia that differenti- 
ate at the time of the gonocyte mitotic arrest (Hilscher et al. 1974). In the 
newborn mouse, spermatogonial stem cells are likely to arise when pro- 
liferation resumes. Finally, onset of puberty triggers initiation of differ- 
entiation along the spermatogenic lineage. In mammals, as in the fly, it is 
difficult to conclude precisely when male germ-line stem cell identity is 
established. Some interconnected gonocytes have been found in the 
embryonic gonad, which may reflect initiation of spermatogenesis as 
early as in the gonocyte stage (Zamboni and Merchant 1973). In rat and 
hamster, kinetic studies indicate that some gonocytes may differentiate 
directly into spermatogonia (van Haaster and de Rooij 1994), suggesting 
that only a subpopulation of gonocytes retain stem cell status. 


ROLE OF GERM-LINE STEM CELLS IN SPERMATOGENESIS 


Male germ-line stem cells must self-renew as well as produce progeny 
that initiate differentiation. To study this crucial aspect of stem cell behav- 
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ior and to unambiguously identify GSCs, we need to understand the rela- 
tionship of spermatogonial stem cells to the more differentiated germ 
cells that comprise the spermatogenic lineage. 

As in other stem cell systems, differentiation along the spermatogenic 
lineage progresses through three distinct compartments (Fig. 2) (Loeffler 
and Potten 1997; Fuchs and Segre 2000). Male GSCs maintain the lineage 
throughout reproductive age by balancing stem cell self-renewal with dif- 
ferentiation (Fig. 2, I). This balance can be obtained either by asymmet- 
ric or symmetric stem cell divisions (discussed in detail below). Stem cell 
daughter cells that initiate differentiation undergo several rounds of mitot- 
ic amplification divisions (Fig. 2, II). These mitotic divisions are special- 
ized in that cytokinesis is incomplete, resulting in cysts of synchronously 
dividing, interconnected germ cells (Phillips 1970; Dym and Fawcett 
1971). Due to the amplification divisions, a single daughter cell commit- 
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ted to differentiation eventually gives rise to large numbers of sperm. In 
this regard, germ cells in the amplification divisions are comparable to 
progenitor cells in the hematopoietic lineage, which maintain a limited 
proliferative capacity (Weissman 2000). Finally, the germ cells exit from 
mitotic division and initiate terminal differentiation (Fig. 2, IID), includ- 
ing progression through the stages of spermatocyte growth, the meiotic 
program, and morphogenesis into spermatozoa. The entire process of 
spermatogenesis takes approximately 10 days in D. melanogaster, 35 days 
in mice, and 61 days in rats (Clermont and Trott 1969; Lindsley and 
Tokuyasu 1980; Meistrich and van Beek 1993b). 

Spermatogenesis is a complex process that is regulated at multiple 
stages. Thus, infertility is not necessarily due to a defect in the stem cell 
compartment. However, it has been suggested for mammals that pertur- 
bations in later stages may affect or alter stem cell behavior, indicating 
feedback control on the GSC population (Huckins and Oakberg 1978). 


Fly 


In Drosophila, male GSC divisions normally have an asymmetric outcome 
(G6nezy and DiNardo 1996). One daughter cell self-renews stem cell 
identity and one daughter cell initiates differentiation as a gonialblast (Fig. 
2). The gonialblast is the founder spermatogonial cell that initiates the 
spermatogonial amplification divisions, much as the cystoblast in the 
Drosophila female germ line initiates the amplification divisions that pro- 
duce interconnected germ cells of the developing egg chamber (Lin 1997). 
In D. melanogaster, precisely four rounds of synchronous amplification 
division invariably result in 16 interconnected spermatogonia (Tihen 
1946). The number of amplification divisions varies among different 
Drosophila species, suggesting that germ cell proliferation is restricted at 
a distinct regulatory point that is under genetic control (Fuller 1993). 

Stem cells divide asynchronously and continuously throughout larval 
and adult life (Cooper 1950; Hardy et al. 1979; Lindsley and Tokuyasu 1980; 
Génczy and DiNardo 1996). Continuous stem cell activity ensures ongoing 
replenishment of gonialblasts to initiate differentiation, with the effect that 
all stages of spermatogenesis are present in the testis at any one time. 


Mammals 


In mammals, all premeiotic male germ cells, including stem cells, are 
called spermatogonia. The different stages of spermatogonia are roughly 
classified by temporal order as either undifferentiated A-type spermato- 
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gonia or differentiating spermatogonia (Leblond and Clermont 1952b; 
Oakberg 1956; Huckins 1971b). GSCs are among the single undifferenti- 
ated A spermatogonia, termed A sosis (A.) spermatogonia. A. spermatogo- 
nia self-renew stem cell identity and give rise to other undifferentiated A- 
type spermatogonia that eventually differentiate. The successive stages of 
undifferentiated spermatogonia proliferate synchronously as A aire 4 (A,,) 
spermatogonia in clusters of 2 germ cells and A... (A,,) spermatogonia 
in clusters of 4, 8, or 16 germ cells (Fig. 2). Undifferentiated A sper- 
matogonia develop into differentiating spermatogonia, which continue 
through six additional rounds of synchronous interconnected division as 
Bis eer As A - Intermediate, and finally, B spermatogonia (Fig. 2). Within 
a given region of the seminiferous tubules, mammalian spermatogenesis 
is cyclic, with synchronous bursts in stem cell activity alternating with 
periods of relative inactivity (Leblond and Clermont 1952b; Oakberg 


1956) (see below). 


LOCATION OF MALE GERM-LINE STEM CELLS 
IN THE TESTIS 


Male germ-line stem cells are localized anatomically to a defined com- 
partment within the testis. The ability to identify stem cells in situ is at 
present relatively unique to the male germ line, in contrast to the diffi- 
culty of unambiguously identifying most other stem cell types in vivo 
(e.g., hematopoietic stem cells within the bone marrow). 
Spermatogenesis proceeds in a spatial gradient within the testis (Figs. 3 
and 4), allowing GSC activity to be easily visualized as the continual pro- 
duction of differentiating germ cells. 


Fly 


The Drosophila adult testis is a coiled tube closed at the apical end and 
opening at the base into the seminal vesicle (Fig. 3a). The progression of 
spermatogenesis transits the length of the tube. The GSCs reside in the 
germinal proliferation center at the apical testis tip (Fig. 3b,c; S) (Hardy 
et al. 1979). Just distal to the stem cells lie the gonialblasts and intercon- 
nected spermatogonia. Cysts of 16 growing primary spermatocytes are 
displaced down the testis tube, completing meiosis approximately one- 
third of the way toward the base. Elongating spermatids extend back up 
the length of the testis lumen (Fig. 3a, arrowheads) then exit the basal 
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Figure 3 Location of male germ-line stem cells in the Drosophila testis. (a) The 
Drosophila adult testis is a coiled tube closed at the apical end (asterisk). All 
germ cell stages of spermatogenesis are visible through the transparent testis wall 
when viewed by phase microscopy. GSCs reside at the apical testis tip within the 
germinal proliferation center (asterisk). Successive stages of germ cell differen- 
tiation are displaced basally (arrow), with elongated sperm extending back up the 
testis (arrowheads). Schematic illustrations of (6) a transverse section and (c) a 
cross section through the germinal proliferation center of the testis apical tip. 
Asterisks and shaped arrowheads correspond approximately to those in a. Arrows 
labeled /, 3, and 6 denote successive stages in early spermatogenesis: (1) stem 
cell division, (3) formation of a differentiating germ-line cyst, and (6) initiation 
of spermatogonial divisions. Spermatogenesis proceeds from the apical tip to the 
base of the lumenal tube (vertical arrow). Both the GSCs (light blue, S) and the 
somatic cyst progenitor cells (yellow, P) divide radially and asymmetrically 
(arrow 1) around the hub (green, asterisk). Note that the GSCs and cyst progen- 
itor cells normally do not divide in synchrony as drawn. The GSC daughter cell 
adjacent to the hub self-renews stem cell identity, whereas the daughter farthest 
from the hub initiates differentiation as a gonialblast (dark blue, G). Similarly, the 
cyst progenitor cells divide to give rise to one cyst progenitor cell and one cyst 
cell committed to differentiation (orange, C). One gonialblast is enclosed in two 
cyst cells to form a germ-line cyst (arrow 3), which proceeds through spermato- 
gonial divisions (arrow 6). A basement membrane overlays the hub and stem 
cells (gray stippled). The testis is enclosed in a bilayer sheath made up of muscle 
and pigment cells (white). (b, c, Modified, with permission, from Lindsley and 
Tokuyasu 1980 [© Academic Press].) 
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Figure 4 Location of male germ-line stem cells in the mammalian testis. (a) 
Schematic of just two seminiferous tubules from a mammalian testis. 
Spermatogenesis takes place in the seminiferous epithelium of the tubule lumens. 
Somatic boundary cells surround the seminiferous epithelium. The vasculature and 
somatic Leydig cells reside in the interstitial space that surrounds each tubule. 
Successive stages of the epithelial cycle are found along the length of the tubules, 
which are defined by the representative germ cell contents (Roman numerals). 
(Modified, with permission, from Hinton and Turner 1993 [© Oxford University 
Press].) (6) Autoradiograph of a cross-section containing two seminiferous tubules 
from a 21-day-old rat testis. The spermatogonia (SG) are mitotically active and 
incorporate *H[thymidine] at the lumen periphery. Spermatocytes (SC) are postmi- 
totic and localize further within the lumen. Somatic Sertoli cells (arrows) neighbor 
the spermatogonia. (Modified, with permission, from Orth 1982 [©Wiley].) (c) 
Cross-section of one seminiferous tubule from an adult mouse testis stained with 
hematoxylin and eosin. Spermatogenesis proceeds radially inward (arrow), from 
spermatogonia at the lumenal edge to sperm in the central lumen. (Modified, with 
permission, from Ogawa et al. 2000.) (d) Schematic of a seminiferous epithelium. 
Spermatogenesis proceeds radially from the basement membrane to the inner lume- 
nal space (vertical arrow). Spermatogonia reside adjacent to the basement mem- 
brane surrounded by somatic myoid cells. Differentiating germ cells move inward, 
progressing through the spermatocyte and spermatid stages. Somatic Sertoli cells 
flank germ cells of all stages, and form a special junction enclosing spermatogonia 
into an exterior, basal compartment (small arrows). (Modified, with permission, 
from Hecht 1993. [© Kluwer Academic/Plenum].) 
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opening (Lindsley and Tokuyasu 1980; Fuller 1993). A similar spatial 
gradient is observed in larval testes, with the difference that the larval 
testis is ovoid and normally contains only premeiotic germ cells and sper- 
matocytes (Kerkis 1933; Sonnenblick 1941). The germ cells at the apical 
testis tip can be visualized by phase microscopy of live dissected testes, 
although the stem cells and spermatogonia are difficult to distinguish 
without the aid of molecular markers. 


Mammals 


Mammalian spermatogenesis takes place in the seminiferous epithelium, 
inside the multiple seminiferous tubules that compose the testis (Fig. 4a). 
Male GSCs lie at the tubule periphery next to the basement membrane 
(Hadley and Dym 1987). Germ cells move radially inward as spermatoge- 
nesis proceeds until the sperm are released into the central lumen (Fig. 
4b,c). Spermatogenesis occurs in successive waves along the length of the 
tubules (Fig. 4a). Each wave contains a discrete cohort of germ cell stages, 
categorized as either 12 epithelial stages in the mouse (I-XII) or 14 stages 
in the rat (XIV) (Leblond and Clermont 1952b; Oakberg 1956). In the 
mouse, for example, undifferentiated spermatogonia normally divide dur- 
ing stages X—III, but rarely divide during the other stages (Oakberg 1971). 
The dynamics of the epithelial cycle imply that stem cell activity is selec- 
tively reinitiated and/or inhibited within groups of staged spermatogonia. 


THE STEM CELL NICHE: THE RELATIONSHIP BETWEEN 
GERM-LINE STEM CELLS AND THE SOMA 


Male germ-line stem cells are closely associated with somatic cells. 
Throughout the testis, the local microenvironment varies along with the 
different spermatogenic stages. Male GSCs lie within a protected region 
of the testis, surrounded by somatic cells that isolate them from differen- 
tiating germ cells. The close association between GSCs and specific 
somatic cell types or stages suggests a role for somatic support cells in 
regulating GSC behavior. 


Fly 


Drosophila male germ-line stem cells are associated with two somatic 
cell types within the germinal proliferation center (Figs. 3b,c and 5a,d) 
(Aboim 1945; Smith and Dougherty 1976; Hardy et al. 1979). GSCs lie 
in a ring closely apposed to a cluster of somatic apical cells (Fig. 5c) that 
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form a compact structure called the hub (Hardy et al. 1979). The apical cells 
of the hub exhibit epithelial-like characteristics, such as localization of fas- 
ciclin III (Brower et al. 1981) and E-cadherin at the cell membrane (Fig. 
5b). A pair of somatic stem cells, the cyst progenitor cells, flanks each 
germ-line stem cell. The cyst progenitor cells contact the hub with cyto- 
plasmic extensions, thus enclosing the GSCs (Figs. 3b,c, and 5d) (Hardy et 
al. 1979). The development of hub and cyst cells does not require the pres- 
ence of the germ line (Geigy 1931; Aboim 1945), supporting their somatic 
origin. Like the GSCs, cyst progenitor cells divide asymmetrically to self- 
renew a cyst progenitor cell and to produce a cyst cell that initiates differ- 
entiation (Hardy et al. 1979; G6nczy and DiNardo 1996). Two somatic cyst 
cells enclose one germ-line-derived gonialblast to form a unit called a 
germ-line cyst (Stern 1941). The two cyst cells do not divide again, but con- 
tinue to enclose the growing clone of differentiating germ cells (Figs. 3b,c, 
and 5d). Germ cells and somatic cyst cells are easily distinguished from one 
another on the basis of cell morphology and marker expression. 

The testis is enclosed in a sheath made up of an inner layer of muscle 
cells and an outer layer of squamous, pigmented cells (Geigy 1931; Stern 
1941). The muscle layer of the sheath is open only over the apical cells of 
the hub (Hardy et al. 1979). The germinal proliferation center, however, 
is firmly attached to the testis apex by a thick, convoluted layer of basal 
lamina that overlays the hub (Fig. 3b) (Hardy et al. 1979). If the sheath is 
torn open from a dissected testis, cysts of differentiating germ cells spill 
freely away from the testis wall, while the germ cells in the germinal pro- 
liferation center remain tightly associated with the testis apex. 

The number of GSCs appears to be developmentally regulated. 
Morphological studies by reconstruction from serial electron micrographs 
indicated that the number of GSCs decreases from 16-18 cells in third- 
instar larval testes to 5—9 cells in 3-day-old adult testes (Hardy et al. 1979). 
Similarly, cyst progenitor cell numbers also decrease from 19-20 cells in 
larval stages to 9-17 cells in the adult, with two cyst progenitor cells asso- 
ciated with every GSC. Concomitantly, the size and shape of the hub is 
compacted from a sheet of 16—18 cells into a densely packed, dome-shaped 
structure of 8—16 cells in the adult. It is possible that only the germ cells that 
maintain contact with the developing somatic hub retain GSC identity. 


Mammals 


Mammalian spermatogonial stem cells are neighbors to several somatic 
cell types along the basement membrane of the seminiferous tubule (Fig. 
4d). The most closely apposed somatic cells are the large Sertoli cells. 
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Sertoli cells contact all stages of developing germ cells, extending 
processes from the basement membrane to within the central lumen of the 
epithelium (Russell et al. 1983). The Sertoli cells create distinct microen- 
vironments along their length via directional secretion of multiple regu- 
latory factors (Bardin et al. 1993). Sertoli cells form a tight junction bar- 
rier that isolates the spermatogonia into an exterior or basal compartment 
of the epithelium, separating them from the more differentiated germ cell 
stages within the interior or lumenal compartment (Fig. 4d, small arrows) 
(Dym and Fawcett 1970; Gilula et al. 1976). This barrier may serve to 
expose and/or shield stem cells from specific regulatory signals (Bardin 
et al. 1993). GSCs may also form junctions directly with the Sertoli cells. 
Desmosomes formed between spermatogonia and Sertoli cells have been 
described in vivo (Russell et al. 1983). 

Peritubular myoid cells and the lymphatic endothelium together form 
a somatic boundary layer that encloses the basement membrane sur- 
rounding the spermatogonial stem cells. The myoid cells, along with 
Sertoli cells, secrete the underlying basement membrane as well as regu- 
latory factors that affect Sertoli cell behavior (Skinner et al. 1985). 
Although the somatic Leydig cells in the intertubular spaces do not 
directly contact the spermatogonial stem cells, they do secrete steroids 
and peptides with potential regulatory roles in spermatogenesis (Ewing 
and Keeney 1993). 


IDENTIFICATION OF MALE GERM-LINE STEM 
CELLS BY PHENOTYPE AND FUNCTION 


Male germ-line stem cells can be distinguished from other early germ 
cells by distinct behavioral and molecular phenotypes. Generally, male 
GSCs exhibit an asynchronous pattern of mitotic division and a slower 
cell cycle time, making them more resistant to damage from low doses of 
radiation than the later undifferentiated or differentiated spermatogonia 
(Dym and Clermont 1970). Since the location of male germ-line stem 
cells within the testis is known, specific gene products can be assayed for 
expression in either the GSCs or their differentiated progeny. 
Investigation of the function of genes that are expressed in stem cells but 
not in more differentiated spermatogonia, or vice versa, may help uncov- 
er intrinsic mechanisms that specify stem cell self-renewal versus differ- 
entiation. In addition, such cell-type-specific expression markers greatly 
facilitate the analysis and interpretation of mutant phenotypes. 

Stem cells are most stringently defined by their functional capacity. To 
be classified as a stem cell by this definition, a single, adult, male germ 
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cell must demonstrate the ability to self-renew stem cell identity and con- 
tinually produce cells that differentiate into sperm. Methods to identify 
male GSCs functionally have been developed for both the fly and mam- 
malian systems. 


Fly 


In Drosophila, a combination of expression markers, characteristic sub- 
cellular structures, and division behavior are used to distinguish stem 
cells from later germ cell stages. In the wild-type testis, all cells under- 
going mitotic division are restricted to the region of the apical tip (Figs. 3 
and 5e). Stem cells and gonialblasts are distinguished from spermatogo- 
nia as the single cells that divide asynchronously close to the hub (Tihen 
1946; Hardy et al. 1979; G6nezy and DiNardo 1996). In contrast, inter- 
connected spermatogonia divide in synchrony and normally lie at a 
greater distance from the hub (Fig. 5e, arrows). A stem cell division was 
calculated to take place once every 10 hours at the apical tip of an adult 
testis (Lindsley and Tokuyasu 1980). Only one GSC in mitosis was 
observed in 50 GSCs examined morphologically (Hardy et al. 1979). 

Drosophila germ cells have a characteristic subcellular structure 
called the fusome, which is composed of multiple membranous and 
cytoskeletal components, including a-spectrin (Lin et al. 1994). The 
fusome takes on a different shape in single germ cells and in intercon- 
nected germ cells. In GSCs and gonialblasts, this subcellular structure 
forms a ball-shaped spectrosome (Fig. 5f, arrowheads). Spectrosomes are 
normally found in a rosette of cells only one or two cells deep from the 
apical hub. In contrast, the fusome is extended and branched, running 
through the ring canals that connect mitotically related spermatogonia or 
spermatocytes within a cyst (Fig. Sf, arrows). 

Distinct gene expression profiles can further define stem cell versus 
spermatogonial identities. A collection of enhancer trap lines was isolat- 
ed based on distinct expression patterns of the /JacZ marker gene in testes 
(Génczy et al. 1992; Génczy 1995). For example, the enhancer trap mark- 
ers M34a and S/-33 drive expression of B-galactosidase activity in the 
GSCs and gonialblasts at the most apical tip, but not in later stages 
(Goénczy 1995). Other lines mark different stages of differentiating germ 
cells or the accompanying somatic cyst cells. Antibodies to specific pro- 
teins also detect subpopulations of germ cells. The cytoplasmic bag-of- 
marbles protein (Bam-C) is detected in spermatogonia from the 2- to 16- 
cell stages, but not in the ring of germ-line stem cells around the hub 
(McKearin and Ohlstein 1995; Génczy et al. 1997). 
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Clonal Analysis as a Test of Drosophila Male 
Germ-line Stem Cell Function 


Male germ-line stem cells are genetically identified in the Drosophila 
testis by clonal analysis. The existence of GSCs was first proposed in 1929 
to explain the size and distribution of clusters of identical mutations in 
brooding studies (Harris 1929). Analysis of the progeny from irradiated 
males demonstrated that large groups of identical mutant progeny must 
have derived from the division of one original, mutagenized germ cell. On 
the basis of these studies, it was proposed that a few indefinitely repro- 
ducing germ cells at each division produced one germ cell like themselves 
and one cell with a limited potential, allowing one germ cell to generate 
many sperm over an extended time (Harris 1929; Tihen 1946). Similar 
genetic analysis of brood patterns using a sex-linked mutable trait extend- 
ed the observation, notably, that cluster size was larger when the mutation 
occurred in a GSC rather than at a later spermatogenic stage (Hartl and 
Green 1970). The results from this study accurately predicted the existence 
of 7-10 GSCs per adult testis and indicated that the number of germ-line 
stem cells stays relatively constant regardless of the number of sperm pro- 
duced (consistent with earlier predictions, as reviewed in Hannah-Alava 
1965). The distribution of brood clusters also suggested that the GSCs 
divide asynchronously, with quiescent periods of 2448 hours. 

Lineage-tracing experiments using the FLP/FRT site-specific recom- 
bination system conclusively verified both the function and location of 
GSCs in wild-type testes (Fig. 5g) (Génczy and DiNardo 1996). The FLP 
recombinase of yeast can be used to induce site-specific recombination at 
cis-acting FRT sites incorporated into Drosophila chromosomes 
(Harrison and Perrimon 1993). The FLP/FRT system can be used to per- 
manently mark cells by inducing mitotic recombination between differ- 
ently marked homologous chromosomes or by inducing excision of a 
marker gene from within a single chromosome. Both germ-line stem cells 
and spermatogonia can be marked in this system. However, spermatogo- 
nia are present only transiently, as they eventually clear from the prolifer- 
ation center within 2 days and differentiate. In contrast, stem cells persist 
by self-renewal of stem cell identity, continually producing waves of 
marked progeny undergoing spermatogenesis (Fig. 5g). Such clonal 
marking studies produced single, persistent, marked germ cells adjacent 
to the hub at the apical tip in ~50% of the induced testes examined, con- 
firming the identity and location of germ-line stem cells deduced from 
ultrastructural studies (G6nczy and DiNardo 1996). The function and 
location of the somatic cyst progenitor stem cells were demonstrated by 
the same method (Fig. 5h). 
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The FLP/FRT lineage-tracing system can also be used in mutant 
genetic backgrounds to identify and follow stem cell behavior in males 
carrying mutations that cause stem cell defects. In addition, to test 
whether a gene required for stem cell function acts cell-autonomously or 
non-cell-autonomously, the same technology can be used to make mosa- 
ic animals in which the induced clones are homozygous for a mutation in 
an otherwise heterozygous background. 


Mammals 


In mammals, several phenotypic markers are used to distinguish the A. 
spermatogonial cells from later spermatogonial stages. GSCs undergoing 
asynchronous mitosis or apoptosis can be detected as single cells inter- 
spersed along the periphery of the seminiferous tubule. In contrast, clus- 
ters of interconnected spermatogonia undergo mitosis and enter apoptosis 
synchronously within each epithelial stage (Huckins 1971b; Oakberg 
1971; de Rooij and Grootegoed 1998). Due to the characteristic wavelike 
distribution of spermatogenic stages along the length of the seminiferous 
tubule, certain regions show a higher frequency of A. stem cell prolifera- 
tion, whereas other epithelial stages contain relatively inactive A. sper- 
matogonia. The number of A, spermatogonia, however, remains constant 
throughout the epithelial cycle (Huckins 1971a). In rat and hamster, male 
GSCs and undifferentiated spermatogonia generally have a longer cell 
cycle time than do differentiating spermatogonia (Huckins 1971a; Lok et 
al. 1983). In rat testes, A. stem cells are estimated to divide every 60 
hours, the A. and A. undifferentiated spermatogonia every 55 hours, and 
the differentiating spermatogonia every 42 hours (Huckins 1971a). 

A-type spermatogonia, including spermatogonial stem cells, exhibit 
higher levels of telomerase activity (Ravindranath et al. 1997) and expres- 
sion of the EE2 protein (Koshimizu et al. 1995) than later germ cell 
stages. Undifferentiated A spermatogonia can be further distinguished 
from differentiating spermatogonia on the basis of low nuclear hete- 
rochromatin (Huckins 1971b) and low levels of c-Kit expression 
(Schrans-Stassen et al. 1999). 


Transplantation as a Test of Mammalian 
Germ-line Stem Cell Function 


Mammalian germ-line stem cells are able to maintain stem cell function 
upon transplantation to a host testis. Methods for germ cell transplants 
have been established in the mouse testis (Brinster and Avarbock 1994; 
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Brinster and Zimmermann 1994). Although a mixed population of testic- 
ular cells is used for the transplant injections, only the spermatogonial 
stem cells are thought to establish donor-derived spermatogenesis in the 
host. Donor spermatogonial stem cells can provide long-term reconstitu- 
tion to produce functional sperm and restore fertility in a sterile host testis, 
with colonization rates of >80% repopulated tubules in at least 71% of the 
recipient mice (Brinster and Avarbock 1994). The best colonization 
occurred when donor cells were injected into hosts depleted of germ cells, 
obtained either by cytotoxic treatment with busulfan or by genetic muta- 
tion with alleles of the Dominant white spotting (W) or Steel (SI) loci 
(Brinster and Zimmermann 1994; Ohta et al. 2000; Shinohara et al. 2000). 
These results suggest competition between transplanted and endogenous 
germ-line stem cells for access to limited sites capable of supporting stem 
cell function, in support of the niche hypothesis. 

The frequency of colonization upon transplantation indicates that 
germ-line stem cells are rare within the testis, consistent with the estimat- 
ed two GSCs per every 10* germ cells (Meistrich and van Beek 1993a; 
Tegelenbosch and de Rooij 1993). This frequency compares with the mea- 
sured frequency of approximately 1 hematopoietic stem cell in every 10* 
bone marrow cells (Spangrude et al. 1988). Individual colonization events 
upon transplantation can be distinct, allowing the activity of a single stem 
cell to be followed (Nagano et al. 1999). The ability to visualize individual 
stem cells verified stem cell localization at the periphery of the tubule 
lumen (Nagano et al. 1999). Newly transplanted spermatogonia were 
shown to migrate to the basement membrane, where Sertoli cells extend- 
ed processes to surround the germ cells (Parreira et al. 1998, 1999). 

The transplantation assay has been used to identify purification meth- 
ods that enrich for male GSCs within populations of spermatogonia. 
Positive selection for germ cells with high expression of the specific B-1 
and @-6 integrins provided a 3- to 5-fold enrichment in transplantable 
GSCs from mouse testes (Shinohara et al. 1999). B-1 integrin expression 
also cosegregates with both epidermal and hematopoietic stem cell popu- 
lations (Jones and Watt 1993; Potocnik et al. 2000). Similarly, selection for 
binding to laminin also enriched for germ cells capable of stem cell trans- 
plantation (Shinohara et al. 1999). A negative selection method utilizing 
cryptorchid mice, which have a high concentration of undifferentiated 
spermatogonia, as the transplant donors resulted in a dramatic 50-fold 
enrichment of transplantable stem cells over controls (Shinohara et al. 
2000). Cryptorchidism induced by retention of the testis in the body cavi- 
ty leads to reversible depletion of differentiating germ cells, apparently 
without detriment to the stem cell population. The ability to transplant 
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mammalian germ-line stem cells coupled with the ability to persistently 
transfect GSCs with retroviral constructs raises the possibility of intro- 
ducing genetic modifications into the male germ line for either animal 
transgenics or human gene therapy (Nagano et al. 2000). 


MAINTAINING A BALANCE BETWEEN TWO STEM CELL FATES: 
ASYMMETRIC VERSUS SYMMETRIC DIVISION 


Stem cell function is twofold: Stem cells must both maintain the stem cell 
population and give rise to differentiating cells. The mechanisms that 
maintain the balance between these two daughter cell fates are the crucial 
question in stem cell biology. Two prevailing models have been advanced 
to explain how stem cells give rise to progeny with two different cell fates 
(Watt and Hogan 2000). The first model proposes that stem cell divisions 
are asymmetric, ensuring that both cell populations are evenly maintained 
at every division. An asymmetric outcome upon stem cell division results 
in one daughter cell that self-renews stem cell identity and another cell 
that commits to differentiation. This model was first advanced nearly 100 
years ago on the basis of cytomorphological evidence in grasshopper 
spermatogenesis (Davis 1908), then developed by further studies in the 
fruit fly (Harris 1929). The second model suggests that stem cells nor- 
mally undergo symmetric divisions (Wilson 1925; Huckins 1971b). 
Symmetric stem cell divisions must alternate between proliferative divi- 
sions, producing two stem cells, and differentiating divisions, resulting in 
two cells that initiate differentiation (Fig. 2). For this discussion, these 
models focus on the outcome of stem cell division and do not specify 
whether the mechanisms for stem cell fate decisions are intrinsically 
determined or extrinsically controlled. 

At present, the consensus on male germ-line stem cell division pat- 
tern is split between the fly and mammalian systems (de Rooij and 
Grootegoed 1998; Lin 1998). However, there is not enough evidence to 
rule out the possibility in either system that male germ-line stem cells 
normally undergo both asymmetric and/or symmetric divisions. 


Fly 


Male germ-line stem cells in Drosophila usually divide with an asymmet- 
ric outcome. As described above, asymmetric stem cell divisions were first 
proposed to explain the appearance of large, clonal populations obtained 
from male brood experiments (Harris 1929; Tihen 1946). More recently, 
the asymmetric outcome of GSC divisions was confirmed by lineage trac- 
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ing: Single, marked germ cells persisted at the testis apical tip and contin- 
ually gave rise to differentiated progeny (Fig. 5g,h) (G6nczy and DiNardo 
1996). By this criterion, the somatic stem cells also undergo asymmetric 
divisions. Although it has not yet been analyzed in the male, symmetric pro- 
liferative divisions may be possible under conditions that induce stem cell 
expansion to replace lost stem cells, as was described in the Drosophila 
female germ line (Xie and Spradling 1998, 2000 and Chapter 7). 

Both the germ-line stem cells and cyst progenitor cells divide radial- 
ly within an inherently asymmetric microenvironment (Fig. 3b,c) (Smith 
and Dougherty 1976; Hardy et al. 1979; Lindsley and Tokuyasu 1980). 
The cell fates adopted by the two stem cell daughters correlate with their 
physical location with respect to the hub. Upon germ-line stem cell divi- 
sion, the daughter cell directly adjacent to the hub and enclosed by the 
cyst progenitor cells retains stem cell identity and self-renewal capacity. 
The daughter cell displaced away from the hub becomes enclosed in cyst 
cells and initiates differentiation. A similar spatial relationship between 
the germ cells and somatic apical cells has been described for the germi- 
nal proliferation center in other insects (for review, see Hannah-Alava 
1965). The conserved organization and the correlation between physical 
position and fate suggest that extrinsic cues from surrounding support 
cells may be important for the asymmetric cell fate decisions made by the 
two daughters of each stem cell division (see below). 


Mammals 


It is not yet clear whether mammalian stem cell divisions are normally 
asymmetric. Historically, three different models have been advanced to 
explain how mammalian male germ line stem cells maintain steady state 
(for review, see Meistrich and van Beek 1993a). All models agree that the 
germ-line stem cells are rare, only 0.03% of the total germ cells. In addi- 
tion, all models assume that stem cells maintain a steady state so that, 
despite continual cell division, stem cell numbers do not increase. The A, 
model is currently the most widely accepted. According to this model, A. 
spermatogonial stem cells usually undergo symmetric divisions (Wilson 
1925; Huckins 1971b), resulting in either two self-renewing A, spermato- 
gonia or two interconnected A_ spermatogonia that initiate differentia- 
tion. It is possible that the cell which gives rise to A| spermatogonia is 
analogous to the gonialblast in Drosophila rather than a true stem cell. 
The observed delays in spermatogenesis both after irradiation (Meistrich 
et al. 1978) and after transplantation (Parreira et al. 1998, 1999) indicate 
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that stem cell expansion precedes initiation of differentiation, suggesting 
that male GSCs can divide symmetrically to produce two stem cells under 
these conditions. 


MOLECULAR MECHANISMS OF STEM CELL REGULATION: 
ROLES FOR INTRINSIC VERSUS EXTRINSIC CONTROL 


Mutational analysis can be used to identify genes that mediate normal 
stem cell behavior. Genes required for stem cell specification can be iden- 
tified in screens for mutations that disrupt stem cell formation. Genes 
required for the cell fate decisions that specify stem cell self-renewal can 
be identified in screens for mutations that lead to premature stem cell loss 
(Fig. 6b). Likewise, genes required for the initiation of differentiation 
instead of stem cell self-renewal can be identified in screens for muta- 
tions that lead to unrestricted proliferation of stem cells (Fig. 6b). 

According to the stem cell niche hypothesis, the microenvironment 
plays a crucial role in regulating stem cell behavior. If so, then genes that 
are expressed in surrounding somatic support cells that extrinsically reg- 
ulate germ-line stem cell behavior and genes that act intrinsically within 
the GSCs are both likely to be required for normal stem cell function. A 
somatic role in germ-line maintenance was elegantly demonstrated by 
ablation experiments in the nematode (Kimble and White 1981). 
Subsequent genetic analysis revealed the underlying molecular mecha- 
nism (Henderson et al. 1994). Maintenance of gametogenesis in the 
nematode syncytial gonad requires expression of the Delta-related ligand 
lag-2 in the somatic distal tip cell, which signals via the Notch-like recep- 
tor glp-1 expressed in the germ line to maintain mitotic proliferation of 
germ cell nuclei (Austin and Kimble 1987). Without the signal from the 
distal tip cell, the germ cell nuclei cease proliferation and enter meiosis 
and terminal differentiation. 

In both flies and mammals, somatic gonadal cells have been shown to 
provide important signals for post-stem-cell stages of spermatogenesis. 
Recent evidence demonstrates that signals from somatic cells also regu- 
late the choice of GSC fates. The best current examples from each system 
suggest that counteracting signals are likely to balance the choice between 
stem cell self-renewal and differentiation. 


Fly 


In Drosophila, specification of somatic gonadal precursor cells under 
control of a genetic hierarchy of pattern formation genes is necessary for 
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gonad coalescence and subsequent PGC development into germ-line stem 
cells (Boyle and DiNardo 1995; Boyle et al. 1997). Screens for zygotic 
genes required for germ cell migration and gonad formation have also 
identified additional genes that act in the soma (Moore et al. 1998). 
Although the somatic gonad can form in the absence of germ-line cells 
(Aboim 1945), the behavior of somatic cells is altered in agametic testes 
(G6nezy and DiNardo 1996). In testis lacking germ line, cyst cells con- 
tinue to proliferate and can take on an altered identity. This suggests that 
cross-regulation between germ cells and somatic cells may coordinate 
normal germinal proliferation center function. Little is known about the 
mechanisms that regulate the transition from primordial germ cell to stem 
cell identity once the germ line is established in the gonad. 

A small number of genes specifically required for function of 
Drosophila male germ-line stem cells have been identified from screens 
for viable, male-sterile mutants. However, since spermatogenic stem cell 
activity initiates at the end of embryogenesis, genes essential for embry- 
onic viability cannot readily be assessed for effects on male GSC regula- 
tion if loss-of-function mutations are homozygous lethal. Chemical muta- 
genesis can produce specific alleles that affect only the male germ line, 
weak alleles, or conditional alleles (such as temperature-sensitive alleles) 
of essential genes to address their roles in spermatogonial stem cell regu- 
lation. In addition, production of homozygous mutant clones in otherwise 
heterozygous males by mitotic recombination (described above) can be 
used to make gonadal mosaics to test the role of essential genes. 
Furthermore, the ability to make marked mutant clones in the testis can 
be used to test whether genes required for GSC regulation act cell- 
autonomously in the germ line or non-cell-autonomously in surrounding 
somatic support cells. 

Mutations in genes required for survival or maintenance of GSCs 
cause loss of germ-line renewal. This phenotype can be easily identified 
by phase microscopy of whole testes. Typically, mutations in which germ- 
line stem cells are initially active but are not maintained or become qui- 
escent lead to testes with some differentiating spermatids but loss of the 
developmental gradient of early germ cells at the apical tip (Fig. 7a,b). 
Phenotypes can range from few to many sperm, depending on whether a 
mutation affects establishment of stem cell identity or continual stem cell 
self-renewal upon division. Additional phenotypic analysis using molec- 
ular markers (as in Fig. 5) can then distinguish whether loss of early germ 
cell differentiation is due to loss of germ-line stem cells, stem cell quies- 
cence, or cell death. Mutants representing all of these classes have been 
isolated in mutagenesis screens and are currently being characterized. 
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Mutations in the Drosophila gene piwi cause loss of renewing germ 
line in both male and female flies (Lin and Spradling 1997). Males 
homozygous for piwi mutations exhibit tiny testes with a nearly complete 
absence of spermatogenesis. Piwi protein is normally expressed in the 
early male germ cells as well as somatic hub and cyst cells (Cox et al. 


Figure 6 (See facing page for legend.) 
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2000). Although the male phenotype has not been examined in detail, 
piwi has been shown to be required for both the maintenance and division 
kinetics of Drosophila female GSCs. Wild-type piwi function appears to 
be required both in somatic cells and in the germ line for normal female 
germ-line stem cell behavior (Cox et al. 1998, 2000). Proteins homologous 
to Piwi have been found in a wide range of organisms from plants to 
humans (Cox et al. 1998). The plant homologs, zwille and argonaute, both 
play similar roles in maintenance of the plant meristem (Bohmert et al. 
1998; Moussian et al. 1998). Mutations in the Drosophila gene escargot 
also disrupt maintenance of spermatogenesis; however, a substantial num- 
ber of sperm are produced before male germ-line stem cells are lost (G. 
Hime and M. Fuller, unpubl.). Expression of escargot mRNA in the testis 
is restricted to early germ cells and the somatic hub, consistent with either 
an intrinsic or extrinsic role in male germ-line stem cell maintenance. 

An opposite phenotype results from mutation of genes required to 
specify the gonialblast fate instead of germ-line stem cell self-renewal or 
to specify further steps of differentiation instead of spermatogonial pro- 
liferation. Unrestricted GSC self-renewal or spermatogonial mitotic 
amplification at the expense of differentiation can be detected by staining 
for DNA, which reveals expansion of compact, brightly staining mitotic 
cells at the apical tip (Fig. 6c,d). Overproliferation of stem cells or gonial- 
blasts can be easily distinguished from overproliferation of interconnect- 
ed spermatogonia using the gene expression, subcellular structure, and 
cell division behavior markers described above (Fig. 5). 


Figure 6 Mutational analysis of Drosophila male germ-line stem cell behavior. 
(a) Phase microscopy image of a testis from a wild-type adult containing all 
stages of spermatogenesis, evidence of continual regeneration due to stem cell 
activity. Apical tip (asterisk). (b) Phase microscopy image of a testis from an 
adult homozygous for a mutation in a gene required for normal stem cell self- 
renewal, resulting in differentiation and eventual loss of the GSCs. The gradient 
of round early germ cells including the stem cells is no longer present at the api- 
cal tip (asterisk), with only sperm bundles remaining. (c) Testis from a wild-type 
adult stained with a fluorescent DNA dye. Testis shows the normal gradient of 
more compact, brightly staining mitotic germ cells at the apical tip (asterisk to 
arrowheads) followed by the more diffusely staining differentiating germ cells. 
(d) Testis from an adult mutant for Egfr function and stained for DNA. The testis 
is filled with mitotic germ cells at the expense of differentiation, seen as the 
expansion of brightly staining cells throughout the testis. 
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Genetic analysis has identified several Drosophila genes (bam, bgcn, 
punt, schnurri) that control the decision to exit the spermatogonial divi- 
sions at the 16-cell stage (Génczy et al. 1997; Matunis et al. 1997). 
Function of two genes (punt and schnurri) is required in the somatic cyst 
cells to restrict spermatogonial proliferation, indicating extrinsic regula- 
tion of germ cell amplification divisions (Matunis et al. 1997). Similar 
extrinsic mechanisms may limit the proliferative capacity of amplifying 
progenitors in other lineages, such as the amplifying keratinocytes in the 
skin or the myeloid progenitors in the bone marrow (Fuchs and Segre 
2000; Weissman 2000; Chapter 19). 

Recent evidence suggests that a signal(s) from somatic cyst cells also 
restricts GSC self-renewal and allows differentiation of the gonialblast, 
thus ensuring that male germ-line stem cell divisions have an asymmetric 
outcome. Mutations in two different genes suggest that wild-type function 
of the epidermal growth factor receptor pathway is required in somatic 
cyst cells for the normal choice of GSC fates (Kiger et al. 2000; Tran et 
al. 2000). Conditional loss of function of either the Egfr or raf genes 
results in a massive increase in the number of early germ cells, including 
the GSCs and spermatogonia (Fig. 6c,d). In both mutants, many of the 
accumulated GSCs maintain expression of GSC markers outside of their 
normal niche alongside the hub or cyst progenitor cells. Accumulation of 
GSCs and spermatogonia is associated with a block in their differentia- 
tion, as no new spermatocytes are observed. Germ-line clones of either 
Egfr or raf null alleles demonstrated that wild-type function of these 
genes was not required in the germ line itself to allow germ-line differ- 
entiation. Cyst cell clones homozygous for mutant raf resulted in unre- 
stricted proliferation of the encysted germ cells, which still contained a 
wild-type copy of the raf gene (Tran et al. 2000). These results suggest 
that cyst cells play a guardian role to ensure that upon GSC division, one 
daughter cell down-regulates the ability to self-renew stem cell identity 
and adopts a gonialblast fate. 


Mammals 


In mammals, mutations that cause germ cell depletion or early arrest of 
spermatogenesis are characterized initially by a “Sertoli-cell only” phe- 
notype—atrophic tubules with few germ cells. The absence of renewing 
germ line can indicate a failure in germ cell specification, migration, 
gonad formation, or maintenance of the stem cells. Several genes are 
known to act extrinsically for primordial germ cell survival; for example, 
the growth factors LIF and OncM (Hara et al. 1998). The Dominant white 
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spotting (W) and Steel (Sl) receptor—ligand pair are both needed for prop- 
er primordial germ cell proliferation and migration. Mutations in either 
gene result in reduced numbers of primordial germ cells in the embryon- 
ic gonad (Russell 1979; Yoshinaga et al. 1991). Interestingly, the W and S/ 
mutations also affect the proliferation and migration of erythropoietic and 
melanocytic precursors (Russell 1979). Chimera experiments testing 
where c-Kit and SI function for normal germ cell development demon- 
strated that the receptor is only required to act in germ cells, whereas the 
ligand functions in the soma (Nakayama et al. 1988). Although their mo- 
lecular identity or mechanism of action is not yet known, the Hertwig’s 
anemia (an) and atrichosis (at) genes are also required for primordial 
germ cell survival and gonocyte development. Mice mutant for either the 
an or at genes have few germ cells due to germ cell death in the embry- 
onic gonad (Chubb and Desjardins 1984; Russell et al. 1985). Finally, dis- 
ruption of the growth factor BMP8b gene, which is normally expressed in 
early germ cells, results in a reduction in the number of spermatogonial 
stem cells established in the embryonic gonad, causing a delay in initia- 
tion of spermatogenesis (Zhao et al. 1996). 

In other examples, loss of renewing germ line follows relatively nor- 
mal germ cell specification, gonad formation, and occasionally an initial 
wave of spermatogenesis. However, the presently known mouse muta- 
tions that cause depletion of early germ cells all appear to affect a similar 
stage just downstream of the stem cells, and not stem cell self-renewal 
directly (de Rooij et al. 1999). Five distinct situations appear to cause 
developmental arrest at the switch from undifferentiated A-type sper- 
matogonia (A_,) into differentiating-type spermatogonia, resulting in pro- 
liferation but not accumulation of undifferentiated A-type spermatogonia 
in mouse or rat testes (de Rooij et al. 1999; Meistrich et al. 2000). These 
situations include (1) mutations in the mouse genes Steel or W (SI'”", SI“ 
and W alleles) (Koshimizu et al. 1992; de Rooij et al. 1999; Ohta et al. 
2000); (2) mutation of the mouse gene juvenile spermatogonial depletion 
(jsd) (Beamer et al. 1988; Mizunuma et al. 1992; de Rooij et al. 1999); 
(3) conditions of vitamin A deficiency (Huang and Hembree 1979; van 
Pelt et al. 1995; de Rooij et al. 1999); (4) cryptorchidism (Nishimune and 
Haneji 1981; de Rooij et al. 1999); and (5) inhibition by intratesticular 
testosterone after radiation or other toxicant exposures (Meistrich et al. 
2000). Colonization of recipient testes with donor GSCs transplanted 
from S/ mutant or cryptorchid mice demonstrated that functional sper- 
matogonial stem cells are in fact retained in these conditions where later 
stages of differentiating germ cells are depleted (Ohta et al. 2000; 
Shinohara et al. 2000). 
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Somatic cells in the testis play an important regulatory role in sper- 
matogenesis, although most hormones and cytokines tested exhibit either 
pre- or post-spermatogonial effects (Desjardins and Ewing 1993). Less is 
known about the possible role of somatic cells in regulating spermatogo- 
nial stem cell behavior. Recently, the level of glial-cell-line-derived neu- 
rotrophic factor (GDNF) produced in Sertoli cells was implicated in reg- 
ulation of spermatogonial stem cell fate decisions (Meng et al. 2000). 
Reduction in GDNF function disrupted stem cell maintenance, causing 
stem cell loss due to differentiation. Conversely, overexpression of GDNF 
from a transgene construct blocked early germ cell differentiation, result- 
ing in unrestricted proliferation of stem cells and spermatogonia. 

Transplantation experiments can be used in mammals to address 
whether genes that regulate germ-line stem cell behavior are required in 
the germ line or the somatic lineages. Transplantation of male germ cells 
between sterile W/W” and SI/SI’ mutant mice demonstrated W is required 
in germ cells and SI is required in the soma (Ogawa et al. 2000), in agree- 
ment with previous evidence from chimeric mice. S//S// mutant germ 
cells lacking functional ligand were successfully transplanted into sterile 
W/W’ mutant recipient testes lacking functional receptor (Fig. 7c,d), giv- 
ing rise to SI/S/*-derived fertile sperm. 

The cyclic nature of mammalian spermatogenesis in a given region of 
seminiferous tubules suggests that reentry into or exit from GSC prolif- 
eration must be regulated at distinct stages of the epithelial cycle. An 
inhibitory activity in testicular extracts capable of blocking the stem cell 
proliferation that normally reinitiates during mouse epithelial stages II 
and HI has been reported (Clermont and Mauger 1974), possibly derived 
from the differentiating spermatogonia. Interestingly, the inhibitory factor 
was tissue- but not species-specific, suggesting that a conserved, testis- 
specific factor may regulate the timing of GSC divisions. More dramatic 
regulation of spermatogonial proliferation is seen in certain other season- 
ally breeding vertebrates, such as the shark (Callard et al. 1989). 

Aberrations leading to germ cell neoplasia reveal important points of 
normal germ-line regulation in humans. Gonadoblastomas occur when 
PGCs fail to populate the embryonic gonad, such as in XY females, 
demonstrating the importance of somatic-germ cell interactions in 
restricting proliferation of GSC precursors (for review, see Pringle and 
Page 1997). Adult male germ cell tumors may derive from latent gono- 
cytes that transformed into carcinomas in situ (CIS) (de Rooij 1998), sug- 
gesting that the developmental transition from a gonocyte to an estab- 
lished male GSC is a critical regulatory step. 
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Figure 7 Transplantation of mouse male germ-line stem cells. (a) Whole testis 
from adult ROSA26 transgenic mouse with ubiquitous /acZ activity (blue) used 
as donor cells. (6) Whole testis from adult mouse without the /acZ transgene used 
as recipient host, demonstrating host cells do not stain. (c) Recipient testis 2 
months after colonization of transplanted GSCs expressing /acZ. Donor-derived 
colonies of spermatogenesis appear as blue regions within the otherwise white 
seminiferous tubules of the host. (d) Cross-section of a tubule from an adult, ster- 
ile W/W"mouse testis used as recipient host. Tubules lack spermatogenesis and 
contain mostly Sertoli cells. (e) Spermatogenesis is now evident in most tubules 
from an adult W/W’mouse testis 1 year after transplantation of GSCs from a ster- 
ile SI/S/ donor mouse. The S//S/’ germ cells, although originally unable to under- 
go spermatogenesis in the S//S/“ donor strain, are able to produce fertile sperm in 
the W/W’somatic host environment. (a, b, c, Reprinted, with permission, from 
Shinohara et al. 1999 [© National Academy of Sciences]; d, e modified, with per- 
mission, from Ogawa et al. 2000.) 


SUMMARY AND OUTLOOK 


The male germ line offers a powerful system in which to study central 
questions in stem cell biology. Male germ-line stem cells have been iden- 
tified in situ, allowing analysis of the role of surrounding somatic support 
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cells in regulation of stem cell behavior. Analysis of male germ-line stem 
cell behavior in Drosophila and mammals has revealed striking parallels. 
The ability to combine genetic screens with well-developed descriptive 
analysis in both these organisms promises functional identification of 
genes and regulatory pathways that regulate critical aspects of stem cell 
biology. The ability to construct mosaic animals by germ cell transplan- 
tation in mammals or mosaic analysis in Drosophila allows tests of 
whether crucial genes control stem cell behavior by intrinsic or extrinsic 
mechanisms. In Drosophila, powerful genetic tools and the availability of 
the full genome sequence allow rapid identification of molecules control- 
ling stem cell behavior. In mice, the ability to construct knockout and 
conditional knockout mutations allows tests of the role of candidate genes 
in stem cell function. These tools, and the possibility that genes identified 
by forward genetics in Drosophila may have functional homologs that can 
be tested in mammals, promise to reveal fundamental principles and 
underlying molecular pathways that may govern stem cell specification, 
self-renewal, and differentiation in a variety of stem cell systems. 
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Germ cells are the precursors of the mature gametes, making their status 
as stem cells apparently unassailable. The fusion of the gametes to pro- 
duce a totipotent zygote initiates the whole program of embryonic devel- 
opment, leading to the formation of the stem cells of all adult tissues as 
well as the next generation of germ cells. Focusing on mammals, in this 
review, I examine how germ cells arise and whether their precursors are 
stem cells in their own right. I also discuss how the study of germ cells 
and their precursors sheds light on the important questions of what con- 
trols pluripotency and how genomes are reprogrammed. For the purposes 
of this review, I define stem cells as a cell population that has the capac- 
ity both to self-renew and to give rise to at least one kind of nondividing, 
fully differentiated descendant. 

The germ cell lineage usually originates as a very small founding 
population that is segregated from somatic cells early in development, at 
least in organisms where the overall body plan is also established early 
(Dixon 1994). Perhaps the physical separation of germ cells from orga- 
nizing centers helps to protect them from the influence of potent signal- 
ing factors and morphogenetic movements. In vertebrates and 
Drosophila, there is considerable proliferation of the founding population 
as it moves from its site of origin to the gonads. The term primordial germ 
cells (PGCs) is strictly applied to the diploid germ cell precursors that 
transiently exist in the embryo before they enter into close association 
with the somatic cells of the gonad and become irreversibly committed as 
germ cells. Male and female PGCs are indistinguishable, and in mam- 
mals both will finally stop dividing and enter into meiosis when associ- 
ated with the somatic cells of the ovary, or even with tissues such as the 
adrenal gland outside the gonads. However, in the testis, PGCs behave 
differently, since they come under the influence of the XY gonadal cells 
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that produce a short-range, diffusible, meiosis-inhibiting factor. Male 
PGCs therefore normally undergo mitotic arrest in G, as prospermato- 
gonial stem cells that do not divide again until puberty (for review, see 
McLaren 1994; Sassone-Corsi 1997). Some limited proliferation of sper- 
matogonial stem cells can be obtained in culture (Nagano et al. 1998). 
Therefore, the mammalian germ line consists of two distinct stem cell 
populations, the transient population of PGCs outside the gonad and the 
spermatogonial stem cells within, that self-renew and differentiate into 
sperm throughout the fertile life of the adult male (Fig. 1). 


THE ORIGIN OF PRIMORDIAL GERM CELLS: INHERITANCE 
OF CYTOPLASMIC DETERMINANTS VERSUS INDUCTION 
BY EXTRINSIC FACTORS 


In most organisms studied, but with several exceptions including mam- 
mals and birds (Dixon 1994), the segregation of pluripotent germ cells 
from somatic cells involves maternal factors or determinants. These are 
deposited in the cytoplasm of the egg and during cleavage are asymmet- 
rically segregated into a small number of blastomeres that subsequently 
differentiate into PGCs. Germ cell determinants are complexes of RNA 


Epiblast 


Somatic lineages 
PGC precursors 
Somatic lineages 


Gametes 


Figure 1 Germ cell lineage in mammals. Pluripotent cells (that express Oct4) are 
shown. Stem cell self-renewal is shown as a curved arrow. In the gonad only the 
male germ cells constitute a stem cell population; oocytes do not proliferate. 
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and protein that have been best characterized in Caenorhabditis elegans 
(where they associate into organelles called P granules) and in Drosophila 
(where they constitute the polar granules or pole plasm). For example, in 
Drosophila, components include oskar, nanos, vasa, and tudor. Ectopic 
expression of oskar in the Drosophila blastula is sufficient to initiate the 
formation of ectopic germ cells. However, in C. elegans, P granule com- 
ponents are necessary but not sufficient for the specification of germ cells 
(for review, see Ephrussi and Lehmann 1992; Hubbard and Greenstein 
2000). Very little is known about the way in which germ plasm compo- 
nents regulate gene expression and cell behavior in germ cell precursors 
(for review, see Wylie 1999). In C.elegans, zygotic gene expression and 
possibly mRNA stability are repressed in germ-line blastomeres by at 
least one P granule component (the protein PIE-1) (for review, see 
Seydoux and Strome 1999). Other gene products, for example, the poly- 
comb group MES proteins, are involved in transcriptional silencing at the 
level of chromatin structure. One hypothesis, therefore, is that a number 
of independent repression mechanisms protect germ cells in C. elegans 
from responding to signals that normally restrict the developmental 
options of somatic cell lineages. By shutting down gene expression, the 
germ cell lineage is kept pluripotential (for discussion, see Dixon 1994). 

The properties and behavior of germ plasm in Xenopus, and similar- 
ities with Drosophila polar granules, have been thoroughly discussed pre- 
viously (Wylie 1999). Homologs of vasa, a component of Drosophila 
polar granules, have recently been identified in zebrafish primordial germ 
cells (Braat et al. 1999; Weidinger et al. 1999). 

Mammals and chick (Ginsberg 1994) apparently do not have mater- 
nally derived germ cell determinants. Mouse genes that encode homologs 
of Drosophila polar granule components, for example, vasa (Mvh) and 
germ cell-less (Gc/), are not expressed in PGCs but in adult male germ 
cells (Fujiwara et al. 1994; Leatherman et al. 2000). If maternally encod- 
ed germ plasm is absent from mammals, what regulates PGC formation? 
The current idea is that PGC precursors are induced in the embryo by 
secreted signaling factors produced by adjacent extraembryonic cells. It 
is still possible that the localized production of these inducing factors is 
under the control of maternal determinants segregated to extraembryonic 
cells, but this hypothesis has not yet been tested. 

To enable critical evaluation of the induction of PGCs, a brief 
description of early mouse development is in order (Fig. 2). At around the 
time of implantation (~4.0-4.5 days post coitum, dpc) the blastocyst con- 
sists of two populations of cells; an outer epithelial layer of trophoblast 
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7.6 dpe 
MicHate streak 

Figure 2 Model for the development of PGCs in the mouse embryo. At 4.5 dpc 
the blastocyst consists of an outer layer of trophoblast (Troph) surrounding the 
epiblast (Ep; green) and the primitive or visceral endoderm (orange). By 5.56.0 
dpc, the epiblast has given rise to the embryonic ectoderm (Ect) and the tro- 
phoblast has formed the extraembryonic ectoderm (Xe). Signals from the Xe, for 
example BMP4 and probably BMP8b (blue arrows), are thought to induce PGC 
precursors (open circles) in the proximal epiblast. These move from anterior to 
posterior (A—P; green arrow). By 7.5 dpc, mesoderm has been generated (red) in 
the primitive streak and extraembryonic region (Xm). Descendants of the PGC 
precursors are allocated to either the extraembryonic mesoderm or PGC (filled 
circles) lineages. 


cells that surrounds a tightly packed cluster of undifferentiated inner cell 
mass (ICM) cells. The ICM subsequently differentiates into an inner epi- 
blast or embryonic ectoderm population and an outer primitive or 
extraembryonic visceral endoderm. After implantation, all cell types pro- 
liferate rapidly and the trophoblast forms a knob-like mass of cells known 
as the extraembryonic ectoderm, and the epiblast cells become organized 
into a cup-shaped epithelium. There is a clear morphological demarcation 
or junction between the epiblast and the extraembryonic ectoderm, and 
lineage analysis strongly suggests there is no mixing of cells between the 
two tissues after about 4.0 dpc. Around 6.0 dpc, the embryo begins to 
undergo gastrulation. Proximal epiblast cells move posteriorly, lose their 
epithelial organization, and give rise to unpolarized mesodermal cells. 
The first cells to delaminate from the epiblast give rise to extraembryon- 
ic mesoderm, whereas cells that drop out later give rise to embryonic 
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mesoderm in the primitive streak. As described in detail below, the first 
time PGCs can be clearly distinguished from somatic cells in the mouse 
embryo is around 7.5 dpc. A cluster of about 45—50 cells that express high 
levels of the genes encoding tissue nonspecific alkaline phosphatase 
(TNAP) and the OCT4 transcription factor can be identified posterior to 
the primitive streak at the base of the allantois. They are surrounded by 
somatic mesoderm cells that express much lower levels of these markers 
(see Anderson et al. 2000). 

Several lines of evidence show that PGCs arise from cells in the epi- 
blast, although the precise time at which the PGC progenitors are com- 
mitted to their fate has not been determined. The first evidence comes 
from the elegant lineage analysis experiments of Kirstie Lawson (Lawson 
and Hage 1994). She injected single cells in the epiblast at the prestreak 
(pregastrulation) and early streak stages with a fluorescent lineage mark- 
er and then cultured the embryos for 40 hours and determined the loca- 
tion of labeled descendants. Analysis showed that PGCs (as judged by 
alkaline phosphatase staining) were derived from cells originally located 
in the proximal region of the prestreak epiblast, dispersed within about 
three cell diameters of the junction with the extraembryonic ectoderm. A 
crucial finding was that no injected epiblast cells gave rise to PGCs alone. 
Cells that generated labeled PGCs also gave rise to labeled cells in the 
extraembryonic mesoderm (most frequently allantois, but also amnion 
and extraembryonic mesoderm of the yolk sac). This finding showed that 
the so-called PGC precursor cell population must generate descendants 
committed to either the extraembryonic mesoderm or the germ cell lin- 
eages. It is thought that this allocation takes place when the precursors are 
posterior to the primitive streak at around 7.5 dpc, but nothing is known 
about the mechanisms involved. For example, the process may be sto- 
chastic and cell-autonomous or influenced by extrinsic factors. It may 
involve lateral inhibition, or asymmetric cell division and the localization 
of zygotic (rather than maternal) gene products to the PGC lineage. One 
limitation of the cell lineage analysis described above is that it does not 
say anything about the time at which the PGC precursors are first set 
aside. It only tells us that they already exist at 6.0 dpc in the prestreak epi- 
blast. The process leading to the generation of the precursors could have 
been initiated significantly earlier. 

The fact that PGC precursors are located in the epiblast close to the 
junction with the extraembryonic ectoderm suggests that this environment 
contains factors inducing PGC precursor fate. To test this hypothesis, Tam 
and Zhou (1996) carried out an embryonic grafting experiment. They iso- 
lated clumps of 5—20 distal epiblast cells from early streak stage embryos 
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of a reporter transgenic line that expresses B-galactosidase constitutively in 
all cells. The pieces were then grafted close to the junction with the 
extraembryonic ectoderm of wild-type, early streak stage (6.5 dpc) 
embryos, and the chimeric embryos were cultured in vitro. Analysis of 
these embryos showed many lacZ-positive cells in the extraembryonic and 
posterior mesoderm. In a very small number of embryos a few PGCs could 
be found that coexpressed alkaline phosphatase and B-galactosidase. This 
important experiment indicated that distal embryonic ectoderm cells, which 
would normally have developed into anterior ectoderm or neurectoderm, 
can change in response to exogenous signals and acquire more ventral pos- 
terior cell fates, including that of PGCs. However, it does not reveal the 
whole window of time when induction of PGC precursors normally takes 
place; it only tells us that the inducing activity is still available at the early 
streak stage. In fact, it may be that induction occurs over an extended peri- 
od of time, with some epiblast cells receiving sufficient inducing signal 
early, even at the blastocyst stage, and others not until 6.5 dpc. 

If mouse or human blastocysts are grown in vitro, the ICM can give 
rise to pluripotential embryonic stem (ES) cell lines that can both self- 
renew indefinitely and give rise to multiple cell types in culture. When 
mouse ES cells are injected into a blastocyst, they mix with the ICM cells 
and contribute to all the tissues of the embryo except for the trophoblast 
and extraembryonic ectoderm or extraembryonic visceral endoderm. 
Some of the ES cells are able to differentiate along the germ cell lineage. 
Since the ES cells have undergone extensive proliferation in culture, this 
finding argues strongly against maternally inherited factors in the epiblast 
or ICM playing a role in germ cell determination in mammals. However, 
the results again shed no light on when or how the induction of the germ 
cell precursors first takes place. 


EVIDENCE THAT FACTORS PRODUCED BY THE TROPHOBLAST 
OR EXTRAEMBRYONIC ECTODERM PLAY A ROLE 
IN MAMMALIAN GERM-LINE DEVELOPMENT 


The experiments described above suggest that germ-line-inducing factors 
are present near the junction between the trophoblast and ICM or 
extraembryonic ectoderm and epiblast. The first evidence for the nature 
of the factors came from the observation that embryos homozygous null 
for the gene encoding the transforming growth factor B (TGF§)-related 
growth factor, bone morphogenetic protein 4 (BMP4), completely lack 
both an allantois (assessed morphologically) and PGCs (assessed by 
staining for either alkaline phosphatase or the carbohydrate antigen, 
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SSEA-1 [Lawson et al. 1999; N.R. Dunn and B.L.M. Hogan, unpubl.]). 
Bmp4 is first expressed at high levels in the extraembryonic ectoderm and 
only later in the extraembryonic mesoderm cells in the allantois and pos- 
terior primitive streak surrounding the PGCs (Lawson et al. 1999). Bmp4 
is not expressed in the founding population of PGCs. The early expres- 
sion pattern of Bmp4 suggests that the protein secreted by the extraem- 
bryonic ectoderm induces cells in the proximal epiblast to assume the fate 
of PGC/allantois precursors. The finding that wild-type ES cells cannot 
rescue the mutant phenotype, even when they contribute more than 90% 
of the cells in chimeric embryos, supports this hypothesis. Finally, Bmp4 
heterozygous embryos have a significantly smaller founding population 
of PGCs than normal, even though, once formed, the cells proliferate at 
the same rate as wild-type PGCs. This is consistent with a model in which 
BMP4 produced by the extraembryonic ectoderm acts in a dose-depen- 
dent manner to control the fate of the pluripotent proximal epiblast cells. 
According to this model, epiblast cells that receive the highest dose of 
BMP4 over the longest period have a high probability of becoming PGC 
precursors, whereas cells receiving a lower dose are more likely to give 
rise to extraembryonic or lateral mesoderm. 

Further experiments are needed to distinguish between this model 
and alternatives. For example, rather than acting instructively, BMP4 may 
function simply as a permissive factor, maintaining the survival of PGC 
precursors segregated by a different mechanism. One prediction of the 
instructive or morphogen model is that in Bmp4 homozygous mutants 
(and in mutants of genes encoding receptors or components of down- 
stream signaling pathways), the fate of cells in the proximal epiblast, 
including those that normally give rise to PGC precursors, is changed to 
more dorsal/anterior cell types. Another prediction is that BMP protein 
should induce PGC precursors in isolated epiblasts. However, it is possi- 
ble that BMP4 is necessary but not sufficient for inducing PGC precur- 
sors, and that additional factors, including ones made by the visceral 
endoderm, are required. Recent data suggest that at least one factor 
secreted by the extraembryonic ectoderm functions in collaboration with 
BMP4 to control PGC development. This is the related protein, BMP8b, 
made exclusively by the extraembryonic ectoderm at this stage of devel- 
opment (Ying et al. 2000). BMP8b may act independently as a homo- 
dimer or possibly form biologically active heterodimers with BMP4, 
although the data do not support the hypothesis that such heterodimers are 
obligatory for PGC precursor formation. Finally, it is not yet known 
whether BMP4 and BMP8b act directly on the epiblast, or indirectly 
through the extraembryonic endoderm. 
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Further analysis of the role of cell-cell interactions in early PGC 
development would be greatly facilitated by the development of specific 
molecular markers both for PGC precursors before they have moved into 
the posterior primitive streak and for the descendants of these precursors 
that have differentiated along the PGC lineage. 


CHARACTERISTICS OF MAMMALIAN PGCs BEFORE THEY REACH 
THE GONAD AND MAINTENANCE OF THE PLURIPOTENT STATE 


The founding population of PGCs of the 7.5-dpc mouse embryo under- 
goes two important processes en route to their final resting place in the 
gonads. The cells proliferate, and they migrate along the endoderm of the 
hind gut, through the mesentery and into the genital ridges. Most PGCs 
have reached the ridges at 11.5 dpc, and proliferation ceases by about 13.5 
dpc. Migration is common to germ cells of several organisms; e.g., 
Drosophila, Xenopus, zebrafish, and chick. However, since it is not obvi- 
ously relevant to the stem cell status of PGCs, it will not be considered 
further here, and readers are referred to other reviews and papers (Wylie 
1999; Anderson et al. 2000; Bendel-Stenzel et al. 2000). It should be 
noted, however, that chick PGCs migrate to the gonads via the blood- 
stream (Ginsberg 1994), but no intravascular PGCs have been seen in 
mammals, even though their migration route carries them near major 
blood vessels. 

Proliferation increases the number of PGCs in the embryo from around 
150 at 8.5 dpc to about 25,000 by 13.5 dpc (Tam and Snow 1981), giving a 
population doubling time of about 16 hours. It is not known whether the 
number of cell divisions undergone by each PGC in vivo is invariant. 

Unlike hematopoietic stem cells, there are still very few molecular 
markers characteristic of mammalian PGCs. Indeed, no gene is yet known 
that is exclusively expressed in PGCs and PGC precursors. The markers 
that are most frequently used to distinguish PGCs after about 7.5—8.5 dpc 
are TNAP (MacGregor et al. 1995), stage-specific embryonic antigen-1 
(SSEA1, a complex surface carbohydrate), and OCT4 (a POU-domain 
transcription factor). 

OCT4 (encoded by the Pou5f1 gene in mice and also known as 
OCT3/4) is of particular interest because it appears to be a key regulator 
of the pluripotential phenotype. It is expressed in all the cells of the cleav- 
age-stage embryo and late-stage morula, but switched off in the tro- 
phoblast, and remains active in the embryonic ectoderm and primitive 
endoderm until gastrulation. It is then gradually down-regulated in the 
derivatives of the embryonic ectoderm and endoderm, and by 8.5 dpc is 
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only expressed in the PGCs. It is finally extinguished in the germ line 
when the PGCs begin to differentiate in the gonad, only to be reactivated 
as the gametes reach maturity (Pesce et al. 1998). This pattern of expres- 
sion led to the hypothesis that OCT4 is a guardian of the pluripotential 
phenotype and prevents cells from becoming restricted in their develop- 
mental potential. This idea is supported by the observation that Pou5f1 
null embryos lack an inner cell mass and consist entirely of trophoblast 
cells (Nichols et al. 1998). More recent studies have suggested that the 
precise level of Pou5fl expression in undifferentiated ES cells regulates 
their differentiation in vitro (Niwa et al. 2000). Intermediate levels of 
OCT4 protein appear to favor the pluripotential, undifferentiated pheno- 
type, whereas low levels promote the differentiation of ES cells into tro- 
phoblast, and high levels into endoderm and mesoderm. It is thought that 
OCT4 maintains the undifferentiated state by regulating gene transcrip- 
tion in collaboration with coactivators such as SOX2 or ROX-1. High lev- 
els of these cofactors may be maintained by signaling through the 
IL-6/LIF (leukemia inhibitory factor) receptor subunit, gp130, mediated 
by STAT-3 activation. As described in the next section, LIF is a cytokine 
that was recognized for its ability to maintain the undifferentiated state of 
ES cells in vitro. However, homozygous null Lifmutant embryos develop 
normally, so that if gp130 signaling plays a role in vivo, it must be acti- 
vated by LIF-related cytokines. Obviously, an important goal is to identi- 
fy genes up- or down-regulated by OCT4 in pluripotential epiblast cells 
and PGCs in vivo. One candidate is Fg/4 (Ambrosetti et al. 1997); anoth- 
er is Kit (see below). It is noteworthy that OCT4 appears to regulate gene 
expression in mammalian PGCs rather differently from pole plasm deter- 
minants in C.elegans, which apparently function by generally repressing 
gene expression in the PGCs. 

Mammalian PGCs are distinguished from somatic cells by a number 
of genome-wide modifications. Normally, during preimplantation devel- 
opment, zygotic DNA is demethylated, except at sites associated with 
allele-specific parental imprinting (Monk et al. 1987). Remethylation 
occurs in somatic cells before gastrulation, but the PGCs (and presumably 
their precursors) do not undergo this epigenetic modification. In addition, 
PGCs go one step further and remove the methylation of parentally 
imprinted loci that persists in somatic cells (Kato et al. 1999). This repro- 
gramming appears to occur gradually, as the PGCs migrate to the genital 
ridges, and is completed by 13.5 dpc. New imprints are subsequently 
added during germ cell maturation. Erasure of parental imprinting in 
PGCs has two consequences. First, PGCs that have not yet begun their 
differentiation into mature germ cells are unique in having no modifica- 
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tion of their genome at all, at least at the level of DNA methylation (Kato 
et al. 1999). This may be necessary to erase the epigenetic influences or 
modifications of the parents and to restore the totipotency of the germ 
line. Second, PGCs late in the migratory pathway or just arrived in the 
gonad have a different phenotype from PGCs at 13.5 dpc. It could there- 
fore be argued that the proliferation phase of PGCs does not strictly 
speaking involve a self-renewal, but rather the rapid amplification of a 
transitional precursor population. 

Another difference in genomic modification between PGCs and 
somatic cells is the fact that female PGCs avoid random inactivation of 
their X chromosomes, at least during the early stages of their existence 
(Tam et al. 1994). Both X chromosomes are active in the epiblast until 
shortly before gastrulation, when a wave of random X inactivation goes 
through the population (Tan et al. 1993). However, at the earliest time 
they can be recognized, which is posterior to the primitive streak and in 
the hindgut endoderm, most PGCs still have two active X chromosomes. 
By the time they have reached the gonad, however, most have asynchro- 
nously undergone X inactivation. The X chromosomes are then reactivat- 
ed before the onset of meiosis. Understanding how the PGCs initially 
avoid X inactivation will provide important information about the mech- 
anism of germ-line specification at the genomic level. 


PROLIFERATION OF PGCs 


At least three different extracellular ligand/receptor signaling systems 
have been identified that promote the survival and proliferation of PGCs. 
These are (1) stem cell factor and its tyrosine kinase receptor, (2) bFGF 
and FGF receptors, and (3) cytokines of the interleukin/LIF family and 
their receptors that signal through a common gp130 subunit. 

Stem cell factor (SCE, also known as Steel factor and mast cell growth 
factor) encoded by the Mgf (formerly Stee?) locus, and its transmembrane 
tyrosine kinase receptor, c-KIT, encoded by the Kit (formerly W) gene, 
were first identified as growth factors for PGCs from genetic analysis in 
the mouse. Mgfis expressed in the somatic cells through which the PGCs 
migrate, whereas Kit is expressed by the PGCs themselves, at least until a 
few days after arrival in the genital ridge when it is down-regulated 
(Bendel-Stenzel et al. 2000; Manova and Bachvarova 1991). 

A role for FGFs and receptors (e.g., FGFR1 and 2) in promoting PGC 
proliferation was first suggested from experiments in which purified 
bFGF was added to cells in culture (Matsui et al. 1992; Resnick et al. 
1998). Whether FGFs play a role in vivo is not known, but Fef 3,4, 5, and 
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8 genes are variously expressed in the epiblast, posterior primitive streak, 
and mesoderm along the migration route of the PGCs. 

Other factors that promote the survival and proliferation of PGCs in 
vitro are leukemia inhibitory factor (LIF), oncostatin M (OSM), inter- 
leukin-6 (IL-6), and ciliary neurotrophic factor (CNTF), all members of 
the IL-6/LIF cytokine family (Cheng et al. 1994; Koshimizu et al. 1996; 
Hara et al. 1998 and references therein). These factors function through a 
dimeric transmembrane receptor expressed in PGCs. One subunit of the 
receptor (e.g., LIF receptor-B) binds specific ligands. The other is a com- 
mon, non-ligand-binding subunit called glycoprotein 130 (gp130) that acts 
as a signal transducer by activating STAT-3. Antibodies to gp130 block the 
activity of LIF on PGCs (Koshimizu et al. 1996). LIF was first tested for 
its effect on PGCs in vitro because it promotes the undifferentiated, 
pluripotent phenotype of mouse ES cells in culture; in the absence of LIF 
and feeder cells, ES cells rapidly differentiate. As described in the previ- 
ous section, recent studies suggest that LIF functions in combination with 
a specific level of OCT4 to maintain the undifferentiated phenotype. 
Signaling through gp130 is therefore likely to play a key role in maintain- 
ing the pluripotency and self-renewal ability of PGCs. However, despite 
the key role apparently played by LIF/gp130 in controlling the PGC phe- 
notype, it is still unclear which member(s) of the ligand family functions 
in vivo, since mice lacking LIF, LIFRB, and IL-6 all have normal numbers 
of PGCs (Koshimizu et al. 1996; Wylie 1999). Likewise, mutation of 
genes encoding IL-4 and IL-2R has no effect on PGC number even though 
IL-4 promotes the survival of PGCs in vitro (Cooke et al. 1996). The most 
likely explanation is that several interleukins regulate PGC proliferation 
and survival and can compensate for each other in vivo. 

Finally, it is very likely that as-yet-unidentified growth factors influ- 
ence PGC proliferation because optimal growth of the cells in vitro 
requires fibroblast cell feeder layers. The possible identity of some of 
these factors has been discussed previously (Bendel-Stenzel et al. 1998). 

Although SCF, LIF, and FGF alone have some activity on PGC sur- 
vival and proliferation in vitro, in combination they have a dramatic effect 
on the behavior of cells isolated before about 13.5 dpc. Rather than show- 
ing a finite number of cell doublings in vitro, the PGCs continue to pro- 
liferate indefinitely (Matsui et al. 1992; Resnick et al. 1992; Labosky et 
al. 1994a). Moreover, the PGCs change their phenotype to resemble 
pluripotent ES cells that are derived from the inner cell mass cells of the 
blastocyst. Precisely how this “transdifferentiation” from a PGC to ES 
cell phenotype is brought about is not known. Like ES cells, embryonic 
germ-cell-derived cell lines (known as EG cells) can differentiate exten- 
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sively in culture and can contribute to all the tissues of the embryo, 
including the germ line, when injected into a host blastocyst (Labosky et 
al. 1994b; Stewart et al. 1994). However, many undifferentiated EG cells 
have differences in the methylation of imprinted loci compared with ES 
cells (Labosky et al. 1994b; Tada et al. 1997). This reflects the fact, dis- 
cussed in the previous section, that PGCs remove allele-specific parental 
imprints as they migrate toward, and enter, the gonads. This phenotype is 
dominant, because if EG cells are fused with somatic cells (thymic lym- 
phocyte), there is demethylation of several imprinted and non-imprinted 
genes in the somatic nuclei (Tada et al. 1997). It is not yet known whether 
human EG cell lines show differences in the methylation of imprinted loci 
(Shamblott et al. 1998). 

A process similar to the transdifferentiation of PGCs to EG cells in 
vitro may occur during the rare in vivo development of teratocarcinomas 
in the testis of some strains of mice, e.g., 129/Sv. The frequency of tes- 
ticular teratomas can be increased from about 1% to 95% in the 129/Sv 
strain by the introduction of the homozygous Jer mutation, but the iden- 
tity of this modifier is not yet known (Asada et al. 1994). Teratomas can 
also be induced experimentally in vivo in mice by transplanting genital 
ridges to ectopic sites, or in some rodents from extraembryonic endoderm 
cells of the early yolk sac (Sobis and Vandeputte 1982). Evidence sug- 
gests that this reflects the transdifferentiation of endoderm cells, rather 
than proliferation of yolk sac cells that have remained undifferentiated. 


WHAT CHANGES WHEN PGCs ENTER THE GONAD AND COME 
INTO CLOSE ASSOCIATION WITH SOMATIC CELLS? 
THE END OF THE ROAD FOR PGCs 


When PGCs enter the genital ridge, they come into close association with 
somatic gonadal cells derived from the intermediate mesoderm, and after 
continuing proliferation for a few days, they differentiate into germ cells. 
By about 13.5 dpc, female PGCs are entering into the prophase of meio- 
sis, while male germ cells go into mitotic arrest and do not resume mito- 
sis until the onset of puberty. 

In the mouse, there is a down-regulation of c-KIT receptors in germ 
cells in the gonad (Manova and Bachvarova 1991). This presumably plays 
a role in making the germ cells unresponsive to stem cell factor after they 
have entered the gonad. Since the formation of teratomas is rare, a whole 
variety of additional mechanisms probably operate normally to protect 
intragonadal PGCs from the influence of other mitogenic factors. These 
mechanisms also appear to operate in PGCs that fail to reach the gonad, 
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since extragonadal teratomas, which are presumed without any direct evi- 
dence to be derived from PGCs, are also rare. As discussed earlier, PGCs 
that come to lie in the fetal adrenal gland cease proliferating and enter 
meiosis in the mouse (Francavilla and Zamboni 1985). However, experi- 
ments in which Xenopus PGCs were isolated from the mesentery, labeled 
in vitro, and then transplanted into the blastoceol cavity of host embryos 
provided evidence that under these conditions the cells could become 
incorporated into various tissues and differentiate into somatic cells such 
as muscle and notochord (Wylie et al. 1985). Analogous experiments in 
which in-vitro-labeled PGCs from 10.5-dpc mouse embryos were inject- 
ed into blastocysts failed to show incorporation into either somatic tissues 
or the germ line (P. Donovan et al., pers. comm.). The ability of individ- 
ual PGCs to change their fate in ectopic sites in vivo needs to be explored 
in more detail using robust genetic lineage markers. 

In conclusion, PGCs constitute a stem cell population that plays 
important, evolutionarily conserved roles in germ-line development. The 
advantages of this population for the organism are that it expands the ini- 
tially very small pool of germ cell precursors, moves them from extraem- 
bryonic regions to the gonads, and helps to ensure that the cells are pro- 
tected from influences driving them down somatic lineages. The PGCs 
thus remain pluripotential until they come to the end of the road and dif- 
ferentiate into germ cells. 
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Embryonic stem (ES) cells are pluripotent stem cell lines derived direct- 
ly from early mouse embryos without use of immortalizing or transform- 
ing agents. They can be propagated as homogeneous stem cell cultures 
and expanded without apparent limit. Unusually among established cell 
lines, ES cells maintain a stable euploid karyotype. Yet more remarkably, 
ES cells retain the character of embryo founder cells, even after pro- 
longed culture and extensive manipulation. Thus, they are able to reinte- 
grate fully into embryogenesis when returned to the early embryo. 
Chimeric mice can be produced in which ES cell descendants are repre- 
sented among all cell types, including functional gametes. ES cells are 
also readily amenable to sophisticated genome engineering, in particular 
via homologous recombination. These properties are widely exploited to 
introduce gene knock-outs and other precise genetic modifications into 
the mouse germ line. 

The ability to propagate pluripotent ES cells presents unique oppor- 
tunities for experimental analysis of gene regulation and function during 
self-renewal, cell commitment, and differentiation. The combination of 
intrinsic and extrinsic factors that maintain developmental identity and 
potency is beginning to be defined. Progress is also being made toward 
understanding and controlling lineage- and/or cell-type-specific differen- 
tiation of ES cells in vitro. When harnessed effectively, ES cell differen- 
tiation can provide defined cell populations for pharmacological testing 
and cellular transplantation. Generation of ES cell equivalents from other 
species, most particularly human, is now anticipated for realization of the 
full power of ES cell technologies both as research tools and, ultimately, 
as cell therapy reagents. 
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ORIGINS OF MOUSE EMBRYONIC STEM CELLS 


Pluripotent Stem Cells in the Early Embryo 


The mammalian fetus develops from a founder population of cells that are 
present before and shortly after implantation (Hogan et al. 1994). These 
cells are pluripotent, meaning that they are individually capable of giving 
rise to derivatives of each of the three primary germ layers and to germ 
cells. Initially defined as the entire internal cell component of the blasto- 
cyst, the inner cell mass (ICM), pluripotent cells are segregated to a sub- 
compartment, the epiblast, prior to implantation. After implantation the 
epiblast expands rapidly to generate the cellular substrate for gastrulation 
and formation of the embyro proper. Once gastrulation commences, the 
epiblast cells (often termed primitive or embryonic ectoderm at this stage) 
progressively differentiate into definitive mesoderm, endoderm, and ecto- 
derm. Pluripotent cells are thus succeeded by lineage-committed precur- 
sors in the fetus. 

Although the possibility that rare pluripotent cells may persist crypti- 
cally within differentiated tissues has not been definitively excluded 
(Weissman 2000), the epiblast per se is clearly transient and does not 
appear to meet one of the conventional criteria for a stem cell population, 
persistence throughout the lifetime of the organism. However, a range of 
experimental interventions in mouse embryos have revealed that epiblast 
cells are highly plastic and that their self-renewal and differentiation are 
regulated according to the embryonic context. Thus, the ICM and epiblast 
can adjust to either the removal or addition of significant numbers of cells 
and still give rise to a normal fetus (Hogan et al. 1994). Indeed, this capac- 
ity to accommodate extra cells provides the foundation on which chimeric 
fetuses are produced (Gardner 1998). The destined tissue contribution of 
epiblast cells is dictated by their position in the egg cylinder at the onset 
of gastrulation (Beddington 1983; Lawson et al. 1991), but they can adopt 
new fates if grafted heterotopically (Beddington 1983; Tam and Zhou 
1996). Most strikingly, if the early mouse embryo is removed from the 
uterus and the epiblast cells are grafted to a permissive ectopic site, such 
as the testis or kidney capsule of a syngeneic or immunocompromised 
mouse, they will generate large multidifferentiated tumors known as ter- 
atocarcinomas (Solter et al. 1970). Teratocarcinomas contain differentiat- 
ed cell types of all germ layers and, in addition, an undifferentiated, pro- 
liferative component that can be maintained on serial transplantation. 
Teratocarcinomas can be produced at a high frequency from single epi- 
blasts (Diwan and Stevens 1976), but not at all from postgastrulation 
embryos. The persistence and expansion of undifferentiated stem cells in 
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embryo-derived teratocarcinomas indicates that mouse epiblast cells do in 
fact have an intrinsic potential for prolonged self-renewal. 


Embryonal Carcinoma Cells 


The undifferentiated component of teratocarcinoma is described as 
embryonal carcinoma due to its resemblance to early embryonic tissue. 
The propagation of this population can be maintained in explant culture, 
and continuous embryonal carcinoma, or EC, cell lines may be derived 
(Evans 1972). EC cells have several distinctive features (for review, see 
Martin 1980). In particular, they are often capable of multilineage differ- 
entiation. Crucially, this capacity is retained by clonal isolates 
(Kleinsmith and Pierce 1964; Martin and Evans 1975), formally estab- 
lishing the presence of pluripotent stem cells. Along with evidence of 
similarities in immunophenotype and protein expression profile to the 
ICM/epiblast, this gave rise to the concept that EC cells are counterparts 
of normal pluripotent embryo cells. The finding that EC cells could par- 
ticipate in embryonic development and contribute to chimeric fetuses and, 
in some cases, even live offspring (Brinster 1974; Papaioannou et al. 
1975; 1978), substantiated this notion. This ability demonstrates that the 
capacity of EC cells for extended self-renewal in teratocarcinomas or in 
culture does not represent an oncogenic transformation (Martin 1980). In 
this regard, it is noteworthy that the epiblast does not express G, cyclins 
(Wianny et al. 1998) and is therefore unlikely to be subject to normal cell 
cycle control mechanisms. The corollary of extrauterine teratocarcinoma 
development is that extended self-renewal of epiblast within the embryo 
is actively suppressed. 

However, the derivation of EC cells via expansion in tumors, usually 
involving serial transfers, compromises their genetic constitution. Almost 
all have an aneuploid karyotype, and more subtle changes are also likely 
due to the pressure for selective growth advantage. Indeed, most EC cells 
show some restrictions in differentiation potential and in their ability to 
integrate normally into embryogenesis (Martin 1980). Consequently, their 
value as a developmental model is undermined, and they do not provide a 
suitable system for germ-line transgenesis. 


Derivation of Embryonic Stem Cells 


Studies with EC cells laid the intellectual and experimental groundwork 
for the establishment of “true” embryo stem cell cultures. A seminal point 
was the realization that pluripotency was best sustained in a coculture sys- 
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tem. Martin and Evans observed that in primary cultures of teratocarci- 
noma, EC cells tended to thrive in proximity to differentiated cell types 
but to expand poorly in isolation. This prompted investigation of the 
potential of established cell lines to support EC cell propagation. 
Coculture with mitotically inactivated embryonic fibroblasts was found 
not only to allow the efficient establishment of EC cultures, but also to 
result in stem cells with high differentiation capacity (Martin and Evans 
1975; Martin et al. 1977). It was reasoned that the fibroblasts were pro- 
viding some critical nutrient or trophic factor support, hence they were 
described as “feeder” cells. 

Feeders were employed in renewed efforts to establish cell cultures 
directly from cultured embryos (Hogan and Tilly 1977). In 1981, the 
derivation of pluripotent cell lines from mouse blastocysts was reported 
(Evans and Kaufman 1981; Martin 1981). The protocols for ES cell 
derivation are relatively simple (Robertson 1987). Embyros at the 
expanded blastocyst stage are plated, either intact or following immuno- 
surgical isolation of the ICM, onto a feeder layer. Conventional tissue cul- 
ture medium is supplemented with 2-mercaptoethanol and 10-20% fetal 
calf serum. After several days of culture, epiblast outgrowths are disag- 
gregated and replated onto fresh feeders. Various types of differentiated 
colonies arise along with colonies of undifferentiated morphology 
(Robertson 1987). The latter are individually dissociated and replated. If 
secondary colonies of undifferentiated cells arise, these can generally be 
expanded further, and continuous ES cell lines can be established. 


Factors Influencing ES Cell Derivation 


Establishing an ES cell culture entails the liberation of pluripotent epi- 
blast cells from their fated differentiation. Prior induction of diapause 
(implantation delay) appears to enhance the efficiency of ES cell genera- 
tion (Robertson 1987). This may be attributable to an increase in epiblast 
cell numbers during diapause (Evans and Kaufman 1983), although this 
is relatively modest. Perhaps more likely is that the arrest of normal devel- 
opment pre-configures the epiblast cells for continued self-renewal by 
activating dependency on cytokine signaling for maintenance of pluripo- 
tency (J. Nichols and A.G. Smith, in prep.). The process by which a state 
of continuous self-renewal is arrived at is not automatic, however, and is 
poorly understood. The standard protocol can reproducibly yield ES cell 
lines from inbred 129 strains and somewhat less efficiently from 
C57BL/6 strains. However, usually only a minority of embryos give rise 
to ES cells, suggesting that some epigenetic event is rate-limiting. 
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Furthermore, the isolation of ES cell lines from other strains of mice has 
generally proven very problematic. Thus, there is a strong genetic com- 
ponent to ES cell derivation. Interestingly, this is not reflected in the 
propensity of embryos to give rise to teratocarcinomas, which does not 
exhibit significant strain dependency (Danyanov et al. 1983). 

Isolation of epiblast cells from inductive influences of adjacent 
hypoblast (Beddington and Robertson 1999) is reported to enhance the 
efficiency of ES cell derivation (Brook and Gardner 1997). Brook and 
Gardner even demonstrate the derivation of multiple ES cell lines from 
separate cells of the same epiblast by this approach, although it remains 
to be shown formally that all cells of the epiblast are equally competent 
to produce ES cells. Removal of differentiated lineages has been applied 
to circumvent nonpermissiveness in CBA mice (McWhir et al. 1996; 
Brook and Gardner 1997), but whether this will hold for other strains has 
not been reported. 

It is evident that ES cells originate from the epiblast (Evans and 
Kaufman 1983; Gardner and Brook 1997), that is, after differentiation of 
the hypoblast, but the point of embryo development at which capacity to 
generate ES cells is lost is not clear. To date no success has been report- 
ed with egg cylinder stages, even though these give rise to teratocarcino- 
mas very efficiently. Possibly the epithelial organization of the egg cylin- 
der imposes constraints on epiblast cells that may be disrupted on ectopic 
grafting but are not readily erased in primary culture. 


Embryonic Germ Cells 


In addition to experimental induction from explanted embryos, teratocar- 
cinomas can originate spontaneously from germ cells. Testicular terato- 
carcinoma is particularly prevalent in strain 129 mice. The evidence that 
undifferentiated germ cells can give rise to embryonal carcinoma 
remained something of a curiosity in the absence of methods for propa- 
gating germ cells in vitro. Following molecular cloning of the Steel 
growth factor and the cytokine leukemia inhibitory factor (LIF; see 
below), limited expansion of germ cells became possible (Matsui et al. 
1991). Building on this, it was found that on additional inclusion of basic 
fibroblast growth factor (FGF-2) in the cultures, mouse primordial germ 
cells converted after several days in culture into cells resembling ES cells 
that could then be maintained indefinitely (Matsui et al. 1992; Resnick et 
al. 1992). These are termed embryonic germ (EG) cells to denote their 
origin. In most respects, they are indistinguishable from blastocyst- 
derived ES cells, including pluripotency and even germ-line competence 
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(Labosky et al. 1994; Stewart et al. 1994). However, irregularities in 
imprinting arising from their germ cell origin can compromise full devel- 
opmental potential so that EG cells may colonize chimeras less effective- 
ly than ES cells. Evidence has also been presented that EG cells retain the 
unique capacity of germ cells to erase imprints (Tada et al. 1997), a prop- 
erty that has not been shown in ES cells. 


PLURIPOTENCY OF EMBRYONIC STEM CELLS 


Teratocarcinoma Formation 


ES cells closely resemble EC cells in morphology, growth behavior, and 
marker expression. This relationship extends to the capacity to give rise 
to multidifferentiated teratomas and teratocarcinomas. ES cells readily 
produce tumors containing well-differentiated mesodermal, ectodermal, 
and endodermal tissue and cell types (Evans and Kaufman 1983). The 
representation of undifferentiated stem cells in the tumors tends to be less 
than in EC cell-generated teratocarcinomas, most likely reflecting the lat- 
ter’s history of tumor selection. The ability clonally to give rise to terato- 
carcinomas is a defining feature of pluripotent embryo cells, shared by 
ES, EG, and EC cells. 


Integration into the Developing Embryo 


The most extraordinary feature of ES cells is that, even after extended 
propagation on tissue culture plastic in synthetic media, they remain 
capable of participating in normal embryogenesis. Several techniques can 
be used to introduce ES cells into the preimplantation mouse embryo, but 
regardless of method of delivery, the ES cells can colonize all fetal lin- 
eages plus yolk sac mesoderm (Bradley et al. 1984). Consistent with their 
epiblast origin, ES cells contribute poorly to extraembryonic endoderm 
and rarely, if ever, to trophoblast (Beddington and Robertson 1989). In 
contrast to EC cells, ES cells behave relatively consistently in their abili- 
ty to integrate into the embryo and produce viable chimeras. ES cells pro- 
duce functional differentiated progeny in all tissues and organs. Genetic 
coat-color markers therefore provide a simple and fairly reliable means of 
monitoring overall chimeric contribution. 

Incorporation into embryogenesis not only confirms that ES cells are 
pluripotent, but also demonstrates that they can respond appropriately to 
developmental cues for proliferation, differentiation, migration, and pat- 
terning. ES cells thus retain in full the identity and capacity of resident 
epiblast cells. 
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Germ-line Transmission 


A key property of ES cells is that they maintain a euploid karyotype. This 
is crucial because a balanced diploid chromosome complement is per- 
missive for meoisis. Thus, unlike EC cells, if ES cells colonize the germ- 
cell lineage in a chimera, they are capable of progression to functional 
gametes. The landmark of deriving mice from cultured stem cells was 
reported by the Evans laboratory in 1984 (Bradley et al. 1984). In the 
early days of ES cell culture, germ-line transmission was often elusive. 
This became more frequent as the skills required for maintaining the 
diploid pluripotent phenotype were disseminated. Retention of germ-line 
competence depends absolutely on adherence to a rigorous tissue culture 
regime, with avoidance of any untoward selective pressures such as over- 
growth or nutrient deprivation. Of course, random mutational events will 
always occur in the culture and epigenetic modifications may also arise; 
for example, alterations in imprinting status (Dean et al. 1998), so it is 
advisable to use low-passage stocks and/or to isolate new subclones peri- 
odically for transgenic work. 

The great majority of ES cell lines are 40XY. The implication that 
two active X chromosomes may somehow be disadvantageous for ES cell 
propagation is consistent with the high incidence of spontaneous X chro- 
mosome deletions found in established XX ES lines (Rastan and 
Robertson 1985). In any case, the XY genotype confers particular advan- 
tages for establishing germ-line transmission. Not only can male 
chimeras produce more offspring than females, but XY cells can convert 
the undifferentiated genital ridge of an XX recipient into testicular devel- 
opment. Since XX germ cells do not survive in a male gonad, this phe- 
nomenon of sex conversion results in chimeric males in which all the 
mature germ cells are of ES cell origin (Bradley et al. 1984). In addition, 
it has been observed that the extent of contribution of strain 129 ES cells 
to chimeras is strongly influenced by the genotype of the recipient 
embryo. In particular, microinjection into C57BL/6 blastocysts results in 
very high ES cell contributions and a greatly increased frequency of 
germ-line transmission (Schwartzberg et al. 1989). 


ES Cell-derived Fetuses 


ES cells are not in themselves capable of generating a blastocyst and 
should therefore not be described as totipotent. The issue of whether ES 
cells are self-sufficient for generation of the fetal component of the con- 
ceptus has been addressed by Nagy et al. (1991, 1993), who introduced 
ES cells into tetraploid recipient embryos. In tetraploid embryos, extra- 


212 A. Smith 


embryonic lineages are produced normally but fetal lineages develop 
poorly. Consequently, in chimeras between tetraploid and diploid 
embryos, the fetus becomes almost exclusively colonized by the diploid 
cells. ES cells show a similar propensity to dominate the tetraploid con- 
tribution to the fetus, and such fetuses can develop to term. Thus, it can 
be argued that ES cells alone are competent to generate the entire fetus. 
However, although there may be few or possibly no tetraploid cells per- 
sisting in the animal at birth, a resident tetraploid ICM compartment is 
present initially. 

To date, fetal development has not been reported following microsur- 
gical replacement of the ICM with ES cells. Therefore, requirement for a 
“normalizing” signal from the host ICM to induce ES cells to reenter into 
an embryonic differentiation program cannot be discounted. Furthermore, 
although liveborn offspring may be obtained from ES cell—tetraploid 
chimeras, many embryos die in utero, and those that do persist usually die 
shortly after birth, in contrast to the situation with ICM chimeras. This is 
likely attributable to cryptic epigenetic or possibly mutational changes 
that have arisen during derivation or propagation of the ES cells. Such 
changes may be masked in diploid chimeras. Consequently, ES cells that 
give good somatic and germ-line colonization in diploid chimeras vary 
greatly in performance in the tetraploid setting (Nagy et al. 1993). Thus, 
a note of caution is required in any assertion that an ES cell is unaltered 
from an epiblast cell in situ. 


GENOME MANIPULATION IN ES CELLS 
Insertional Mutagenesis and Gene Trapping 


DNA can be introduced into ES cells by conventional infection or trans- 
fection protocols. Their capacity for clonogenic expansion then allows 
independent integrants to be expanded and transgenic mice to be gener- 
ated (Robertson 1986). Random insertion of viral vectors into the ES cell 
genome has been employed to mutate and tag genes in phenotype-driven 
screens (Robertson et al. 1986). Gene trapping is a refinement of this 
approach that facilitates isolation of a disrupted gene and can allow a 
degree of preselection for desired categories of target gene based on 
expression pattern or subcellular localization of the gene product (Gossler 
et al. 1989; Friedrich and Soriano 1991; Skarnes et al. 1995; Forrester et 
al. 1996). This technique has been widely used as a gene discovery tool 
in mice and further pursued as a method for annotated mutagenesis of the 
entire mouse genome (Hicks et al. 1997; Zambrowicz et al. 1998). 
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Targeted Gene Modification 


The major use of ES cell genetic modification to date, however, has been 
for the directed modification of nominated genes, known as gene target- 
ing. Pioneering work in the mid-1980s established that transfected DNA 
could be integrated into designated loci in the ES cell genome via homol- 
ogous recombination (Thomas and Capecchi 1987). In 1989 the first inci- 
dence of germ-line transmission of a targeted allele was reported 
(Thompson et al. 1989), demonstrating that the manipulations and drug 
selections involved in isolating homologous recombinant clones did not 
in themselves compromise ES cell pluripotency. 

There are now well-established procedures for introducing a range of 
different types of modifications, such as deletion, point mutation, 
reporter insertion, or coding sequence replacement, into the mouse 
genome. Conditional mutations can be created by incorporation of site- 
specific recombinase technology. In such cases, short recognition 
sequences for a recombinase such as Cre or Flp are targeted by homolo- 
gous recombination to flank the gene segment of interest. This interval 
can then be deleted in a stage- or tissue-specific fashion by appropriate 
transgenic expression of the recombinase (Gu et al. 1994; Schwenk et al. 
1998). 


Chromosome Engineering 


The use of site-specific recombination can be extended to the engineer- 
ing of long-range modifications in the ES cell and thence the mouse 
genome (Smith et al. 1995; Su et al. 2000; Zheng et al. 2000). Deletions, 
inversions, duplications, or translocations can be generated according to 
the respective orientation and cis or trans localization of the recombinase 
recognition sequences. This is a powerful method for interrogating the 
genome, increasingly so with the amassing of sequence information and 
gene localization data. 

Autonomous chromosomal elements have also been introduced into 
ES cells via cell fusion (Shen et al. 1997, 2000; Tomizuka et al. 1997; 
Hernandez et al. 1999). These minichromosomes can be maintained sta- 
bly in ES cells and chimeras, and in some cases, can be transmitted 
through the germ line. This creates the foundations of a system for genet- 
ic dissection of centromere function in mammalian mitosis and meiosis. 
Minichromosome vectors may also find applications in biotechnology; 
for example, the creation of humanized antibodies. 
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MAINTENANCE OF ES CELL PLURIPOTENCY 


Symmetrical Self-renewal 


ES cells multiply by symmetrical cell division. They can routinely be 
expanded to give relatively homogeneous and undifferentiated popula- 
tions (Fig. 1), judged by morphology, marker expression, efficient gener- 
ation of equipotent subclones, and reproducibly broad colonization of 
chimeras from a few cells. This expansion can be continued over several 
weeks, and very large (10°-10!°) populations of substantially pure stem 
cells can be generated. In fact, ES cells appear to be immortal (Suda et al. 
1987) and show no evidence of either crisis or senescence, in contrast to 
other primary cultures (see Chapter 5). 

The symmetric amplification of ES cells contrasts with most other 
stem cells ex vivo and, in conjunction with the facility for genetic manip- 
ulation, provides a tractable system for experimental characterization of 
self-renewal. 


Oct-3/4: Governor of Transcription and Fate 
in Pluripotent Cells 


Oct-3/4 is a POU family transcriptional regulator restricted to early 
embryos, germ-line cells, and undifferentiated EC, EG, and ES cells 
(Pesce et al. 1998). In vivo, zygotic expression of Oct-3/4 is essential for 


Figure 1 Colony of self-renewing ES cells. 
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the initial development of pluripotential capacity in the ICM (Nichols et 
al. 1998b). In ES cells, continuous function of Oct-3/4 is necessary to 
maintain pluripotency (Niwa et al. 2000). If Oct-3/4 expression is acute- 
ly eliminated in ES cells, self-renewal ceases and an unorthodox differ- 
entiation process is triggered. Instead of forming the normal ES cell 
derivatives, endoderm and mesoderm, the cells differentiate into tro- 
phoblast (Fig. 2). In the presence of FGF-4 and feeders, it is even possi- 
ble to isolate trophoblast stem (TS) cells (see Chapter 12). The interest of 
this observation is that the differentiation of trophectoderm and ICM in 
the mouse blastocyst is considered to be associated with a segregation of 
developmental capacity such that the former can generate only tro- 
phoblast lineages and the latter only yolk sac and fetal tissues. Consistent 
with this, ES cells do not normally form trophoblast either in vitro, in ter- 
atomas, or in chimeras. It appears that this developmental restriction may 
be necessary for manifestation of pluripotency and is imposed directly by 
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Figure 2 Alternative ES cell fates induced by repression of Oct-3/4 or withdraw- 
al of LIF. 
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Oct-3/4. In other words, Oct-3/4 acts in part as a lock that prevents default 
differentiation into trophoblast (Niwa et al. 2000). 

Oct-3/4 also contributes positively to pluripotency by directing expres- 
sion of multiple target genes (Saijoh et al. 1996). This is achieved via inter- 
action with several coactivators (Scholer et al. 1991; Ambrosetti et al. 
1997; Ben-Shushan et al. 1998), and probably also corepressors. The com- 
plexity of Oct-3/4 function is indicated by the finding that marginally 
increased expression in ES cells provokes differentiation, but in this case 
into endoderm and mesoderm (Niwa et al. 2000). Although Oct-3/4 is nor- 
mally down-regulated during pluripotent cell differentiation, this is a con- 
sequence rather than a cause of germ-layer commitment. Indeed, in the 
ICM, Oct-3/4 levels transiently increase in nascent hypoblast (Palmieri et 
al. 1994). One hypothesis is that differential lineage commitment may be 
determined by altered interaction of Oct-3/4 with specific partners, 
expression or activity of which may be regulated by inductive signals. 

Finally, although Oct-3/4 seems to be a pivotal player in the determi- 
nation of pluripotent cell fate, maintenance of Oct-3/4 expression is not 
in itself sufficient to sustain the pluripotent phenotype (Niwa et al. 2000). 
Significantly, an extrinsic signal is also needed. 


Cytokine Stimulation of Self-renewal 


In monoculture using media supplemented with serum alone, ES cells can 
neither be derived nor maintained. As discussed above, ES cells were 
originally isolated by coculture with a feeder layer. Subsequently it was 
discovered that the feeders can be substituted by conditioned medium 
preparations (Smith and Hooper 1983; Smith and Hooper 1987), indicat- 
ing that their key function is to provide trophic stimulation. In fact, a puri- 
fied cytokine, leukemia inhibitory factor (LIF), is sufficient to sustain ES 
cell self-renewal (Smith et al. 1988; Williams et al. 1988). This effect is 
exclusive to LIF and a small group of related cytokines that act via the 
gp130 receptor (Yoshida et al. 1994). LIF is expressed by feeder cells, and 
this expression is elevated in the presence of ES cells (Rathjen et al. 
1990). LIF does not act via inducing expression of Oct-3/4 because trans- 
genic expression of Oct-3/4 does not remove the requirement for LIF 
(Niwa et al. 2000). 

On withdrawal of LIF (or feeders), proliferation continues, but dif- 
ferentiation is induced and ES cells do not persist beyond a few days. It 
has been suggested that self-renewal equates to the inhibition of differen- 
tiation (Weissman 2000). However, this is only true provided survival and 
division are constitutive. In the case of ES cells, replication does indeed 
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appear to be autonomous. The cell cycle is uncoupled from cdk/cyclin 
checkpoints in G, (Savatier et al. 1995; Wianny et al. 1998), and no 
method has been reported for producing quiescence in ES cells. 
Apoptosis can be induced in ES cells (Sabapathy et al. 1997; Koyanagi- 
Katsuta et al. 2000), however, which implies that an anti-apoptotic path- 
way could be a crucial element of the self-renewal signal. Although ES 
cells remain viable in defined media lacking LIF, serum, or added growth 
factors, this is heavily dependent on cell density, suggesting a requirement 
for autocrine survival signaling. 

Two major signal transduction pathways are recruited downstream of 
ligand-induced dimerization of gp130 receptors. The latent transcription 
factor STAT3 is activated by tyrosine phosphorylation mediated by JAK 
kinases (Lutticken et al. 1994), and engagement of the adapters SHP2 and 
Gab1 lead to stimulation of the Ras-Erk mitogen-activated protein kinase 
cascade (Takahashi-Tezuka et al. 1998). Analysis of modified receptors 
indicated that recruitment of STAT3 is essential for ES cell propagation 
(Niwa et al. 1998). This conclusion was substantiated by demonstration 
that expression of the dominant interfering STAT3F molecule induced 
differentiation in the presence of LIF In contrast, suppression of the 
SHP2/Erk signaling arm actually enhanced ES cell self-renewal (Burdon 
et al. 1999b). Finally, studies with directly activatable or constitutively 
activated variants of STAT3 have provided strong evidence that this tran- 
scription factor alone can provide the self-renewal signal in serum-sup- 
plemented medium (Matsuda et al. 1999; C. Stracey et al., in prep.). 

Cytokines of the LIF family are not dedicated to stem cell regulation, 
but have diverse effects on a variety of cell types (Kishimoto et al. 1994). 
Interestingly, most of these actions are to promote differentiation, for 
example of myeloid cells or astrocyte precursors, or to induce expression 
of differentiated functions, such as acute phase protein synthesis by hepa- 
tocytes. STAT3 is the major mediator of these responses. Therefore, ES 
cell self-renewal is stimulated by a conventional signal transduction path- 
way, but the output of this signal, inhibition of differentiation, is peculiar 
to the stem cell context. A key task is to define the level of interaction, 
direct or indirect, with Oct-3/4 and to identify the important target genes 
in ES cells. These are likely to include repressed genes, expression of 
which could direct commitment and differentiation. 


Intracellular Signaling Network in ES Cells 


The antagonistic effect of SHP2 and Erk activation on self-renewal 
(Burdon et al. 1994b) can partly be explained by a negative regulation of 
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JAK-STAT signaling by SHP2 tyrosine phosphatase activity (Symes et al. 
1997). In addition, blockade of the Erk activating enzyme MEK1 with the 
inhibitor PD05809 reduces ES cell differentiation both in monolayer and 
aggregate culture. Continued cell proliferation without stimulation of Erk 
activation is unusual but may be accounted for by the lack of restriction on 
entry into S phase in ES cells (Savatier et al. 1995; Burdon et al. 1999a). 
Promotion of self-renewal by PD05809 further implies that there is likely 
to be a direct pro-differentiative effect of Erk activation. This relates not 
only to coupling downstream of gp130, but to growth factors and other 
inductive stimuli that signal through the Ras-Raf-MEK-Erk cascade, and 
probably also to aspects of integrin signaling that involve Erk activation. 

As discussed above, self-renewal may require suppression of apopto- 
sis. It remains to be determined whether the anti-apoptotic function that has 
been ascribed to STAT3 in other cell systems is operative in ES cells, or 
whether activation of the PI3-kinase/Akt pathway may fulfill such a role. 

The requirement to achieve and maintain a high level of STAT3 acti- 
vation and low level of Erk activity may underlie some of the difficulty 
experienced in ES cell derivation. It is significant, therefore, that applica- 
tion of PD05809 can increase the efficiency of ES cell establishment by 
promoting expansion of primary stem cell colonies (T. Burdon et al., in 
prep.). It is also noteworthy that, although ES cells established on feeders 
can be adapted to grow on gelatin in the presence of LIE this is general- 
ly preceded by extensive differentiation, and the stem cells that persist 
and regenerate the cultures are often compromised and show reduced 
contribution to chimeras. This may indicate that the signaling network is 
tuned slightly differently during culture on feeders and must be readjust- 
ed for growth in LIF alone. 

Although ES cells employ classical signal transduction mechanisms, 
the likely existence of stem-cell-specific signaling adapters should not be 
overlooked. For example, Erk activation in response to various stimuli 
appears attenuated in ES cells relative to other cell types, despite the pres- 
ence of comparable levels of Erk proteins (T. Burdon et al., in prep.). This 
probably results in part from expression of an altered form of the Gab1 
adapter protein in ES cells that suppresses linkage of certain receptors to 
the Ras-Erk cascade. Such redirection of primary signal transduction so 
as to minimize pro-differentiative outputs may turn out to be a cardinal 
aspect of stem cell propagation in general. 


Alternative Pathways of Self-renewal 


The dependency of ES cells on gp130 signaling presents a paradox, how- 
ever. In vivo, a critical role for the gp130 pathway in the epiblast is evident 
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only on induction of embryonic diapause (J. Nichols et al., in prep.). In 
uninterrupted embryogenesis, there is no apparent requirement for LIF, 
gp 130, or STAT3 prior to gastrulation. This implies that normal expansion 
of the epiblast is either autonomous or under the direction of a separate sig- 
naling pathway. The regulative properties of the epiblast (Hogan et al. 1994) 
argue against the former. For example, giant blastocysts made by aggrega- 
tion of two or more cleavage embryos produce normal-sized egg cylinders 
after implantation on the same time schedule as ordinary blastocysts. 
Conversely, small blastocysts created by splitting 2-cell embryos “catch up” 
after implantation and produce full-sized egg cylinders. Regulation of the 
epiblast population occurs within 36 hours of implantation. This adaptive 
response may be governed via juxtacrine signaling within the epiblast com- 
partment or by paracrine stimulation from neighboring tissue. 

ES cells provide both an assay for, and a potential source of, epiblast 
regulatory signals (Heath and Smith 1988). Like epiblast, ES cells can be 
sustained independently of gp130 and STAT3, at least transiently (Dani et 
al. 1998). Such a process operates in addition to LIF signaling during cul- 
ture of ES cells on mouse embryo fibroblast feeders (I. Chambers and 
A.G. Smith, unpubl.). The factor(s) and signaling mechanisms that medi- 
ate this effect have yet to be characterized at the molecular level, howev- 
er. Evidence has also been presented that pluripotent cells may be main- 
tained in a slightly altered state using conditioned medium from the 
HepG2 human hepatocyte cell line. Under such conditions, cell morphol- 
ogy, expression of certain genes, differentiation behavior, and ability to 
colonize the embryo are altered. Significantly, this transition appears 
reversible with regard to all these features. Therefore, it either reflects an 
inherent plasticity of the ES cell phenotype (Smith 1992) or marks two 
distinct but continuous stages of normal epiblast progression (Rathjen et 
al. 1999; Lake et al. 2000). It will be of interest to resolve whether inte- 
grin signaling may contribute to ES cell regulation, given its significance 
for hematopoietic, keratinocyte, and other stem cell populations, and 
requirement for egg cylinder development (Fassler and Meyer 1995; 
Fassler et al. 1995; Fuchs and Segre 2000). 


IN VITRO DIFFERENTIATION OF ES CELLS 


A major aspiration at the outset of EC and ES cell research was to eluci- 
date the decision-making processes in lineage commitment and cell type 
differentiation of pluripotent cells. This issue is now reemerging to the 
fore with increasing interest in the application of ES cell systems for effi- 
cient in vitro analysis of gene function and pharmacological screening, 
and for the potential development of cell therapy. From their differentia- 


220 A. Smith 


tion in teratomas and chimeras, ES cells clearly have the capacity to pro- 
duce every type of fetal and adult cell. Understanding and controlling cell 
fate determination remains a major challenge, however. 


Differentiation in Embryoid Bodies 


Our abilities to direct pluripotent cells into specific pathways and then to 
support the viability and maturation of individual differentiated pheno- 
types in vitro are currently limited, and the approaches are rather unso- 
phisticated. The principal method used to trigger differentiation of ES 
cells into defined cell types is cell aggregation in suspension culture. This 
technique, originally developed with EC cells (Martin and Evans 1975; 
Martin et al. 1977), leads to formation of multidifferentiated structures 
called embryoid bodies. In these structures, the developmental program 
of ICM/epiblast cells is reactivated in the ES cells. Cellular differentiation 
proceeds in a similar fashion to that which occurs in the embryo, albeit in 
the absence of proper axial organization or elaboration of a body plan 
(Doetschman et al. 1985). Each embryoid body develops multiple differ- 
ent cell types. A range of differentiated products can readily be obtained, 
including yolk sac endoderm, cardiomyocytes, embryonic and definitive 
hematopoietic cells, endothelial cells, skeletal myocytes, adipocytes, neu- 
rons, and glia (Weiss and Orkin 1996). It is possible to bias the differen- 
tiation for or against certain cell types by addition of retinoic acid 
(Rohwedel et al. 1999). However, the final cultures are always a hetero- 
geneous mixture of various cell types. 

In the absence of knowledge of how to instruct ES cells into a lineage 
of choice, which in any case may never be completely effective in the con- 
text of complex multicellular interactions that occur in an embryoid body, 
an alternative approach is to isolate cells of interest from the mixture of 
differentiation products. For hematopoietic cells, this can readily be done 
by selective culture in semi-solid media in the presence of hematopoietic 
growth factors (Wiles and Keller 1991). A complementary strategy is to 
purify lineage-specific precursors or terminal differentiated phenotypes 
based on marker gene expression. This can be achieved by immunopu- 
rification where suitable cell-surface markers are available, or more gen- 
erally by introduction of a transgene marker conferring drug resistance 
and/or cell-sorting capacity (Klug et al. 1996; Li et al. 1998). 


Differentiation in Monolayer Culture 


ES cells differentiate readily in monolayer culture when deprived of LIF or 
feeder support. Various differentiated morphologies emerge, and markers 
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of mesoderm and endoderm become expressed. However, the identities of 
the major cell types produced under such conditions have not been care- 
fully defined. It is possible that many of the cells may not represent bona 
fide embryonic or fetal phenotypes but rather could be aberrant products 
arising from misregulated or scrambled differentiation programs. 
Nonetheless, in a very elegant study, Nishikawa has shown that distinct 
mesodermal subsets can be produced during monolayer differentiation, 
and in particular that clonogenic endothelial and hematopoietic progeni- 
tors can be isolated by fluorescence-activated cell sorting (FACS) 
(Nishikawa et al. 1998). These progenitors can even proceed to form vas- 
culature (Yamashita et al. 2000). This is a very significant result because 
it establishes that “true” differentiation can be uncoupled from morpho- 
genesis and does not require complex multicellular interactions. 
Furthermore, the development of some lineages is actually suppressed by 
such interactions and is therefore enhanced by purifying the precursors. 
This finding also has implications on a practical level because monolayer 
culture is much more amenable than aggregation for experimental dissec- 
tion and manipulation. For example, the application of candidate inductive 
signaling molecules such as Wnts and BMPs is likely to have more pro- 
found and interpretable consequences in homogeneous monolayer cultures 
than on embryoid bodies. Use of defined media will likely be required to 
realize the full potential of this approach (Wiles and Johansson 1999). 


Mechanism of Differentiation 


Do ES cells undergo asymmetric division during differentiation? In the 
absence of LIF, undifferentiated ES cells are rapidly depleted from the 
cultures. This must occur either by symmetrical division leading to dif- 
ferentiation of both daughter cells, or by a limited number of asymmetric 
divisions followed by selective death of the stem cells. The absence of any 
overt polarity in ES cells in monolayer culture might suggest that there is 
no foundation for development of asymmetry. However, this issue should 
be investigated directly by time lapse recordings. It would also be instruc- 
tive to determine whether in embryoid bodies the initial differentiation of 
an outer layer of extraembryonic endoderm is an asymmetric event or is 
directed solely by external position. 

Although there is also selective activation of a small number of spe- 
cialized genes, lineage commitment is in essence a restriction of global 
gene expression potential. This entails the heritable repression of the 
majority of non-housekeeping genes. How such epigenetic mechanisms 
operate and how they may be erased during nuclear transfer or dediffer- 
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entiation has yet to be determined. Important insights could be obtained, 
however, by studying how chromatin architecture is modified during ES 
cell differentiation. 

The chromatin organization in a pluripotent cell nucleus must be per- 
missive for activation of lineage-specific gene transcription. A notewor- 
thy observation from gene trapping studies is that many developmentally 
regulated genes are already transcriptionally active at low levels in undif- 
ferentiated ES cells. It is also possible to detect allegedly tissue-restricted 
transcripts in ES cells by reverse transcription PCR. This is reminiscent 
of the “lineage priming” concept proposed for hematopoietic stem cells 
(Hu et al. 1997); but if stem cells express lineage-specific genes, how is 
the undifferentiated pluripotent state maintained? There are at least three 
possible and nonexclusive explanations: 


1. The level of expression of differentiation genes may not be function- 
ally significant, but may simply reflect random transcription occur- 
ring through open chromatin. 

2.Commitment may require coordinated expression of a battery of 
genes, individual expression of which has no consequence. 

3.Stem-cell-specific transcriptional determinants may specifically 
antagonize the action of lineage commitment genes. 


Self-renewal of ES cells appears to rely on an interplay of conflicting 
intracellular signals and transcriptional determinants. This is so finely 
balanced that the alternative outcome of differentiation can readily be 
triggered (Fig. 3). Thus, some level of “spontaneous” differentiation is 
usually evident in ES cell cultures. It will be interesting to discover 
whether other types of stem cells are regulated in a similar manner such 
that they are constantly “poised” to differentiate. 


PLURIPOTENT EMBRYO CELLS FROM OTHER SPECIES 


Derivation of permanent stem cell lines that fulfill the criteria of epiblast 
origin, sustained symmetrical self-renewal, pluripotency, integration into 
fetal development, and germ-line colonization has to date only been val- 
idated in mice. Germ-line colonization from cultured cells has been 
reported in chickens and medaka fish, but only after short-term culture 
(Pain et al. 1996; Hong et al. 1998). Chimeras have been reported in rab- 
bits, pigs, and cattle, but in no case has germ-line colonization been cor- 
roborated. These data may suggest that the situation in the mouse is the 
exception rather than the rule. The ES cell phenotype represents a ground 
state for mouse epiblast or primordial germ cells in teratocarcinomas or 
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Figure 3 ES cell self-renewal is determined by the balance between conflicting 
signals. 


ex vivo. However, although diploid stem cell cultures can readily be 
derived from rat ICMs, rather than exhibiting multilineage differentiation, 
these cells appear restricted to extraembryonic development (M. Buehr 
and A.G. Smith, unpubl.). It may be significant in this regard that ectopi- 
cally grafted rat embryos do not produce teratocarcinomas (Skreb et al. 
1971) and that rat epiblast appears to retain the ability to produce 
hypoblast even into egg cylinder stages (Nichols et al. 1998a). Therefore, 
the possibility should be considered that the ES cell phenomenon is spe- 
cific to inbred laboratory mice and that the ground state in other species 
may differ and perhaps even be a more primitive “pre-pluripotent” cell. 
Stem cell cultures have also been established from human blastocysts 
(Thomson et al. 1998). These cells can generate teratomas in immuno- 
compromised mice and show some capacity for multilineage differentia- 
tion in vitro (Reubinoff et al. 2000). Therefore, they could represent 
human equivalents of ES cells. However, the critical functional tests of 
chimera contribution and gamete production obviously should not be 
undertaken for ethical reasons. It is noteworthy that these human cells dif- 
ferentiate into trophoblast, indicating that they may not represent exactly 
the same developmental stage as mouse ES cells. Furthermore, they are 
difficult to expand and seemingly do not respond to LIF (Reubinoff et al. 
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2000). Intriguingly, human EG-like cells derived from fetal primordial 
germ cells, in contrast, appear to be dependent on LIF for continued prop- 
agation (Shamblott et al. 1998). The molecular characterization of these 
human cells and comparison against mouse ES and EG cells is now a 
pressing issue, particularly in light of the desire to develop human 
pluripotent cells for regenerative therapies (Gearhart 1998; Smith 1998). 
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Embryonal carcinoma (EC) cells are the stem cells of teratocarcinomas. 
These tumors, which present a caricature of embryogenesis, have fasci- 
nated pathologists for many hundreds of years. Indeed, Wheeler (1983), 
in his excellent review of the history of these tumors, mentions that the 
earliest reference to what is evidently a teratoma, a benign form, is found 
on clay tablets from the Chaldean Royal Library of Nineveh dating from 
600 to 900 B.C. Among these tablets, devoted to methods of predicting 
the future, one sign is described, “When a woman gives birth to an infant 
that has three feet, two in their normal position (attached to the body), 
and the third between them, there will be great prosperity in the land” 
(Ballantyne 1894). Such an optimistic forecast perhaps foretells the value 
that modern biologists have found in EC cells as tools for the study of cell 
differentiation in embryonic development and cancer. 

Teratomas and teratocarcinomas occur in a range of manifestations 
(Table 1). The most common are ovarian dermoid cysts. These form from 
oocytes that are parthogenetically activated and begin development but 
eventually become disorganized, giving rise to a teratoma containing a 
haphazard array of embryonic tissues (Fig. 1). Such tumors are generally 
benign, but they can grow to very large sizes. Teratomas also occur, 
although more rarely, in other sites, including the base of the spine in 
newborn infants, and it is a tumor of this type that is evidently the subject 
of the Chaldean writer. 
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Table 1 Simplified classification of germ cell tumors 


Histological type _ Description Comments 

Teratoma A tumor containing an The differentiated cells may be 
array of differentiated organized into well recognizable 
somatic cell types. anatomical structures (e.g., teeth) 

or be haphazardly arranged. These 
tumors are often benign, but their 
malignant potential is well known. 
The most common form is the 
benign “dermoid cyst” of 
the ovary. 
Embryonal “Undifferentiated” Highly malignant tumors; the cells 
carcinoma epithelial cells are generally regarded as stem 
resembling embryonic cells able to differentiate into a 
cells of the ICM and range of histological cell types. 
the primitive ectoderm. 

Teratocarcinoma A tumor contain both The malignancy of these tumors is 
teratoma and generally ascribed to their 
embryonal carcinoma. embryonal carcinoma component. 

Yolk sac Cells resemble those of In the mouse these cells may 

carcinoma the extraembryonic resemble parietal or visceral yolk 
“yolk sac.” sac; in humans no such clear 
distinction is evident. Human 
yolk sac carcinoma typically 
produces o-fetoprotein. 

Choriocarcinoma Cells resemble cyto- These do not occur in GCTs of 
and syncytiotrophoblast — the laboratory mouse. 
of the placenta. 

Seminoma Relatively uniform cells | A malignancy tumor that does not 
resembling “primordial occur in the laboratory mouse; 
germ cells.” known as Dysgerminoma in 

females. 

Spermatocytic Heterogeneous cells A low malignancy tumor occurring in 

seminoma resembling a caricature older men, and generally regarded 


of spermatogenesis. 


as distinct from all other GCTs. 


The histopathology and classification of germ cell tumors is complex and controversial. The 
descriptions above may be regarded as oversimplified by experienced pathologists, but they represent 
common usage among developmental and cell biologists. More detailed descriptions and discussion 
may be found in histopathology texts (see, e.g., Mostofi and Price 1973). 


Of greater clinical significance to cancer biologists are the teratocar- 
cinomas of the testis (Dixon and Moore 1952; Mostofi and Price 1973). 
These tumors are a subgroup of cancers that, because of their histological 
complexity, site of origin, and apparent caricature of embryogenesis, have 
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Figure 1 Human ovarian teratoma, or dermoid cyst. Although a wide range of 
more or less well organized tissues may be found in these tumors, masses of hair 
and teeth (bottom left) are especially common. (Courtesy, Department of 
Pathology, University of Sheffield.) 


generally been thought to arise from germ cells (Fig. 2). Germ cell tumors 
(GCT) account for almost all testicular cancers and are always malignant. 
They occur typically in young post-pubertal men, with a peak incidence 
in the third decade of life (Moller 1993). Although they are rare, their 
incidence has increased markedly over the past 50 years, and their med- 
ical significance also reflects the young age of the patients. On the other 
hand, GCT are among the most treatable cancers since the advent of cis- 
platinum-based therapy in the 1970s (Einhorn 1987; Stoter 1987). 
Testicular GCT are usually divided into seminomas and non-semino- 
mas (Damjanov 1990, 1993). Seminomas are, histologically, relatively 
homogeneous tumors consisting of cells that resemble primordial germ 
cells, in contrast to the non-seminomas, which are histologically hetero- 
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Figure 2 Schematic representation of a common view of germ cell tumor histo- 
genesis and its parallel with embryogenesis. 


geneous and may, confusingly, also contain elements of seminoma. More 
striking, however, is the frequent occurrence of somatic tissues such as 
nerve, bone, or muscle in non-seminomatous GCT as well as a histologi- 
cally undifferentiated cell type known as embryonal carcinoma (EC). EC 
cells are now known to be the key malignant stem cells of these tumors, 
capable of differentiating into the wide range of somatic cells that com- 
prise the teratomatous elements. The term teratocarcinoma is used to refer 
to GCT containing both embryonal carcinoma and teratoma components. 
Other elements of non-seminomatous GCT include highly malignant 
cells corresponding to the yolk sac (yolk sac carcinoma) and trophoblast 
(choriocarcinoma). Embryonal carcinoma, yolk sac carcinoma, and, 
rarely, choriocarcinoma may all occur alone, or combined with one anoth- 
er, as well as with teratoma elements. 


TERATOCARCINOMAS IN THE LABORATORY MOUSE 


Pathologists have long held the notion that the formation of teratocarci- 
nomas in some way reflects the processes of embryonic development, and 
that EC cells perhaps resemble undifferentiated stem cells from the early 
embryo (Dixon and Moore 1952; Damjanov and Solter 1974). However, 
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the rarity of the human tumors and the sporadic nature of similar tumors 
in animals limited their study until Stevens and Little (1954) discovered 
that about 1% of male mice of strain 129 develop testicular teratomas 
(Stevens and Hummel 1957; Stevens 1967a). This provided the starting 
point for a detailed study that led through the characterization of murine 
EC cells to the eventual development of embryonic stem (ES) cell lines 
from mouse embryos in 1981 (Evans and Kaufman 1981; Martin 1981). 
The teratomas of 129 male mice can be observed by 15 days of 
embryonic development, as structures described as embryoid bodies 
within the seminiferous tubules of the fetal gonad. Stevens (1964) esti- 
mated that such teratomas originated between 11 and 12 days of develop- 
ment. He also showed that the incidence of these tumors can be increased 
by transplanting the genital ridges of early embryos to the testis capsule 
of adult mice. Furthermore, although no other strain of mouse regularly 
produces testicular teratomas spontaneously, transplantation of the geni- 
tal ridges from embryos of the A/He strain also resulted in the formation 
of teratomas (Stevens 1970a). There is a very narrow window in develop- 
ment when the genital ridges are susceptible to such manipulation. 
Primordial germ cells, which are first identifiable in the extraembryonic 
yolk sac, migrate through the hindgut to the genital ridges, arriving at 
about 11 days of development (Bendel-Stenzel et al. 1998). The greatest 
incidence of induced teratomas occurred after transplanting genital ridges 
from 12 to 12.5 day embryos, and fell dramatically when genital ridges 
from older embryos were transplanted. An upper limit of about 13.5 days 
implies some changes in the germ cells after arriving in the genital ridge 
rendering them resistant to transformation. This could be associated with 
their entering mitotic arrest soon after their arrival in the genital ridge. 
Confirmation of the germ cell origin of the spontaneous and experi- 
mental testicular teratomas came from studies of mice homozygous for 
mutations at the Steel (Si) locus (Stevens 1967b). The S/ locus encodes 
stem cell factor (SCF), a growth factor required for survival of the vari- 
ous stem cells including melanocytes, hematopoietic stem cells, and pri- 
mordial germ cells (Besmer 1991). Viable S//S/ homozygotes are infertile 
since the primordial germ cells do not survive migration. After crossing 
S? on to the 129 background, Stevens found that the genital ridges from 
SI/SI mice did not yield teratomas, confirming the origin of those tumors 
from primordial germ cells. Curiously, however, males heterozygous for 
Steel (SI/+) exhibit an increased incidence of teratomas (Stevens 1964). 
The reason for this has never been elucidated. However, the receptor for 
SCF is encoded by the W locus, which encodes the c-kit oncogene. One 
wonders whether, in the presence of suboptimal SCF levels that might 
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occur in S//+ mice, expression of W/c-kit might be up-regulated, with sub- 
sequent effects on germ cell proliferation. 

Subsequently, Stevens identified another strain of laboratory mouse, 
the LT strain, that exhibits ovarian teratomas at high frequency (Stevens 
and Varnum 1974). In this case, it is evident that oocytes within the ovary 
frequently undergo parthogenetic activation and initiate embryonic devel- 
opment that becomes progressively disorganized, forming tumors that 
appear to be the counterparts of benign ovarian cysts in humans. 

Despite its long history, the genetic basis for the susceptibility of 129 
mice to teratoma development remains unclear. A mutation, Jer, occur- 
ring in a subline 129/terSv, causes teratomas to develop with a much high- 
er frequency than in the original 129/Sv line (Stevens 1973). Backcross 
analysis of 129/ter mice has shown that the Jer gene is located on chro- 
mosome 18 within 0.6 cM of Grll (Asada et al. 1994; Sakurai et al. 
1994), but its molecular identity is currently unknown. Strangely, Ter/Ter 
mice exhibit a reduced number of germ cells (Noguchi and Noguchi 
1985). Thus, counterintuitively, the mutations at two loci (S/ and Ter) 
known to increase susceptibility to germ cell tumors also appear to reduce 
germ cell viability and/or proliferation. To date, no mutations causing 
hyperproliferation of mouse germ cells are known (Noguchi et al. 1996). 
Ter is a modifying gene that is neither sufficient nor necessary for GCT 
formation and does not cause tumors on backgrounds other than 129 
(Sakurai et al. 1994). Evidently, susceptibility to teratomas is polygenic 
and is presumably influenced by environmental or stochastic factors, 
since penetrance is low. 

The testicular tumors formed spontaneously in 129 mice or following 
genital ridge transplantation can be divided into those that can be retrans- 
planted into other syngeneic mice, and those that cannot (Stevens and 
Hummel 1957). The retransplantable tumors, termed teratocarcinomas, 
contain groups of cells identified as EC cells by comparison with the EC 
cells recognized in human teratocarcinomas. Kleinsmith and Pierce 
(1964) provided the first evidence that these EC cells are the malignant 
stem cells of teratocarcinomas: Transplantation of single EC cells from 
one tumor to a new host proved sufficient to result in the formation of a 
new teratocarcinoma containing the full range of differentiated elements 
seen in the parental tumor. Thus, not only are the EC cells the malignant 
stem cells of the tumor, they are also the repository of the pluripotent 
nature of these tumors. Non-retransplantable teratomas did not contain 
EC cells. 

Although testicular teratomas can only be induced in a limited num- 
ber of strains, teratomas can also be formed from many other strains of 


Embryonal Carcinoma Cells 237 


mice if rather earlier embryos, notably at about 7 days of development at 
the egg cylinder stage, are transplanted to ectopic sites (Stevens 1970b; 
Solter et al. 1970, 1979). As in the ovarian parthogenetic tumors, these 
embryos continue to grow, become disorganized, and form teratomas or, 
in some cases, retransplantable teratocarcinomas containing EC cells. 
Whether retransplantable teratocarcinomas are formed depends on the 
host strain into which the embryo is transplanted, and not on the genotype 
of the embryo itself (Solter et al. 1981). Solter and Damjanov (1979) also 
showed that the outcome of these experiments is dependent on the 
immune status of the host. Thus, whereas C3H embryos transplanted to 
C3H hosts typically form teratocarcinomas, teratomas were mostly 
formed if the C3H host had been rendered immunodeficient by neonatal 
thymectomy and sublethal irradiation. This phenomenon remains unex- 
plained. One possibility is that the persistence of EC cells is fostered by 
a factor produced by the immune system; alternatively, it was suggested 
that higher levels of natural killer cells in mice deficient for T-lympho- 
cytes might be detrimental to EC cell survival. 


Murine Embryonal Carcinoma Cell Lines 


Cell cultures of EC cells derived from murine teratocarcinomas were first 
reported by Kahn and Ephrussi in 1970. Subsequently, several groups 
established murine EC cell lines, although with some difference in 
emphasis and techniques (Fig. 3a). Many of these lines can be maintained 
as undifferentiated EC cells in vitro but are able to form teratocarcinomas 
when transplanted back to an appropriate mouse host (Evans 1972; Jakob 
et al. 1973; Martin and Evans 1974; Nicolas et al. 1975). They are said to 


Figure 3 The murine pluripotent EC cell line, PCC7 (Pfeiffer et al. 1981). (A) 
Undifferentiated EC cells. (B) Embryoid bodies formed by culture in suspension. 
(C) Differentiation into neurons and other cell types after induction with retinoic 
acid. Bars: (A) 20 um; (B) 100 um; (C) 15 um. 
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be “pluripotent”; however, some EC cell lines evidently lose this ability 
to differentiate and are termed “nullipotent” (Bernstine et al. 1973). 

Some of the pluripotent lines also differentiate in culture, but the cir- 
cumstances vary between lines and between laboratories. For example, 
among EC lines derived by Jakob and her colleagues, PCC3 EC cells 
remain undifferentiated if kept proliferating in subconfluent cultures 
(Nicolas et al. 1975). However, if allowed to reach confluence and main- 
tained in that condition for several days, these cells differentiate sponta- 
neously, yielding a variety of cell types, including nerve and muscle. 
Maintenance of other pluripotent EC lines in an undifferentiated state, 
however, was found to depend on culture on feeder layers of transformed 
mouse fibroblasts (Martin and Evans 1975). The STO line of transformed 
mouse fibroblasts rapidly became the standard feeder widely used for 
such cells. In this case, differentiation can be induced by removing the EC 
cells from the feeder cells. It was found particularly advantageous to force 
the cells to grow in suspension without attachment to a substrate by cul- 
ture in bacteriological petri dishes. Under these conditions, the cells 
aggregate and form structures known as embryoid bodies, in which an 
inner core of EC cells is surrounded by a layer of cells resembling the vis- 
ceral endoderm of an early mouse conceptus. Gradually these embryoid 
bodies become histologically complex and cystic, and a wide variety of 
differentiated cells grow out when the embryoid bodies are plated on a 
substrate that permits attachment. 


Relationship to the Early Embryo 


It had long been hypothesized from studies of human teratocarcinomas 
that EC cells might resemble stem cells from the early embryo. During 
the 1960s and early 1970s, research in a different sphere, in the biology 
of the immune system and the genetics of transplantation, focused atten- 
tion on the role of the cell surface in regulating cell behavior. The area of 
immunogenetics that led to the development of techniques for producing 
antisera to specific cell-surface antigens had also led to the notion that 
these antigens might play a role in the regulation of cell differentiation 
(Boyse and Old 1969). The coincidence of these ideas with the availabil- 
ity of cultured EC cells quickly led to experiments to identify specific 
embryonic cell-surface antigens. One approach, adopted by Artzt et al. 
(1973), was to immunize adult 129 mice with EC cells (they chose the F9 
line) that were also of 129 origin. Prevailing concepts of immunology 
suggested that, because of tolerance, the only antigens to which the adult 
129 mice would form antibodies would be those expressed only on the 
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“embryonic” EC cells and not on any adult cells. Anti-F9 sera produced 
in 129 mice did indeed detect, in cytotoxicity and immunofluorescence 
assays, an antigen expressed by EC cells but not by a range of other more 
differentiated cells. This same antigen was also expressed by cells of the 
inner cell mass (ICM) of the embryonic blastocyst. This relationship, as 
well as similar expression of other markers like alkaline phosphatase, 
taken together with a comparable capacity for differentiation, led to the 
notion that EC cells are a malignant counterpart of ICM embryonic cells 
(Jacob 1978). 

The nature of the F9 antigen became controversial because of sug- 
gestions that it was related to key cell-surface molecules encoded by the 
T-locus, the complex genetics of which was then poorly understood 
(Kemler et al. 1976). The difficulties of working with polyclonal antisera 
meant that the precise nature of this anti-F9 activity was never resolved, 
although a link to the 7-/ocus became progressively unlikely (Gachelin et 
al. 1982). Nevertheless, the hypothesis provided a strong stimulus to 
mouse developmental biology both in ideas and technology, just as 
approaches based on molecular genetics and monoclonal antibodies 
became available. The advent of monoclonal antibodies led to the pro- 
duction of reagents that identify antigens with similar characteristics to 
the F9 antigen. Perhaps the most notable of these monoclonal antibody- 
defined EC cell antigens is stage-specific embryonic antigen-1 (SSEA1), 
which was subsequently shown to involve an oligosaccharide epitope 
known as the Lewis-X (Le”*) antigen (Solter and Knowles 1978; Gooi et 
al. 1981). SSEA1 is commonly expressed by murine EC cells and embry- 
onic ICM cells, and it seems likely that the polyclonal 129 anti-F9 serum 
contained significant levels of antibodies recognizing this epitope. 

The proposition that EC cells are indeed the counterpart of ICM cells 
was soon tested directly by transferring small numbers of EC cells to blas- 
tocysts, which were subsequently re-implanted into pseudopregnant 
females. In the first experiments, reported by Brinster (1974), EC cells 
derived from an agouti mouse were injected into a blastocyst from an albi- 
no strain: A mouse was born that had patches of agouti fur as well as albi- 
no fur, indicating that some of its fur derived from the implanted EC cells. 
Others subsequently made more detailed experiments and demonstrated 
that the implanted EC cells in some cases contributed to almost all tissues 
of the host embryo (Papaioannou et al. 1975), and in rare cases it was 
reported that the germ line of the resultant chimeras was derived from the 
EC component (Mintz and Il|mensee 1975). Not only did the experiments 
serve to demonstrate the close relationship of EC cells to the ICM, but 
they also suggested that their malignant character, seen in their ability to 
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form retransplantable teratocarcinomas, was suppressed in the embryo. 
Indeed, as long suggested from the human studies, their differentiated 
derivatives were themselves generally not malignant, supporting the ideas 
of Pierce that the formation of cancers, and not only of teratocarcinomas, 
is associated with defects in the normal mechanisms of stem cell differ- 
entiation (Pierce 1974). In fact, it became evident that suppression of 
malignancy is not always complete, perhaps reflecting subtle genetic 
abnormalities in some of the EC cell lines (Papaioannou and Rossant 
1983). Nevertheless, the concept of suppression of malignancy survives 
even though there are many exceptions, and oncologists treating human 
GCT are generally wary of persistent teratoma lesions in successfully 
treated patients, because of their potential for regaining malignancy. 

Although murine teratocarcinomas were initially described as being 
euploid, it gradually became evident that small karyotypic changes fre- 
quently occurred. It seems likely that continued growth as a tumor, or 
extended growth in culture, leads to the accumulation of mutations that 
promote a transformed phenotype. That some EC cells lose their ability 
to differentiate could well reflect selection for mutations that interfere 
with differentiation. Indeed, cell hybrids formed between EC cells and 
somatic cells, notably thymocytes, often continue to exhibit an EC phe- 
notype with a greater capacity for differentiation than the parental EC 
cells (Andrews and Goodfellow 1980). This suggests that wild-type 
alleles derived from the somatic cell parent complement “anti-differenti- 
ation” mutations derived from the parental EC cells. 


Differentiation of EC Cells in Culture 


Initial studies of EC cell differentiation focused on their ability to differ- 
entiate spontaneously under a variety of circumstances, most notably after 
producing embryoid bodies when cultured in suspension (Fig. 3b) 
(Martin and Evans 1975). However, although this differentiation to a wide 
range of cell types is intriguing, the range of cell types produced and the 
uncontrolled nature of the differentiation make study of the underlying 
processes difficult. A significant advance was the discovery that an appar- 
ently nullipotent EC cell line, F9, can be induced to differentiate by expo- 
sure to retinoic acid (Strickland and Mahdhavi 1978). After exposure to 
both retinoic acid and cAMP, F9 generated cells that closely resemble 
parietal endoderm (Strickland et al. 1980). Although retinoic acid had 
been known for many years to play a key role in epidermal cell differen- 
tiation, the results with F9 cells focused the attention of developmental 
biologists on the role of this important derivative of vitamin A in regulat- 
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ing embryonic development. Subsequently, if F9 cells are cultured in sus- 
pension in the presence of retinoic acid, they form embryoid bodies in 
which the outer layer of cells resembles visceral endoderm, while the 
inner cells retain the EC phenotype (Hogan et al. 1983). Thus, apparent- 
ly, F9 cells can be switched between differentiating into visceral or pari- 
etal endoderm by altering the conditions of induction. It was later shown 
that retinoic acid is able to induce the differentiation of a number of 
mouse EC cell lines such as PCC7 (Fig. 3) (Pfeiffer et al. 1981). Perhaps 
the most well known of such EC lines is P19, which differentiates in a 
predominantly neural direction when exposed to retinoic acid (Jones- 
Villeneuve et al. 1982), but in a mesodermal direction, with the formation 
of muscle cells, when exposed to another agent, dimethylsulfoxide 
(DMSO) (McBurney et al. 1982). EC cell differentiation can also be 
induced by other agents such as hexamethylene bisacetamide (HMBA) 
(Jakob et al. 1978). 

There is no doubt that studies of mouse EC cells in culture provided 
insights into molecules that play a role in embryonic development and 
regulate differentiation of embryonic cells. Moreover, the experience with 
EC cells provided the foundations for the development of ES cell lines 
(Evans and Kaufman 1981; Martin 1981). However, with the rapid 
advances in molecular genetics that have allowed access to the early 
mouse embryo, the availability of ES cells has reduced the necessity for 
studying EC cells. On the other hand, although their capacity for differ- 
entiation is substantially less than that of ES cells, EC cell lines may be 
more robust and simpler for some experimental purposes. 


HUMAN EC CELLS 


While embryogenesis in the laboratory mouse became progressively 
more accessible to experimental study, analysis of human development 
remained, and indeed still remains, severely restricted, not only by ethical 
considerations but also by the logistical problems of working with human 
embryos. Nevertheless, although recent developments in biology indicate 
a strong conservation of regulatory mechanisms throughout phylogeny, 
stretching from the nematode worm all the way to mammalian develop- 
ment, there is no doubt that each species presents unique features and that 
human development differs in significant ways from that of other 
mammals. Human EC cell lines provide an opportunity to investigate 
mechanisms that regulate embryonic cell differentiation in a way that is 
pertinent to early human development, while also shedding light on a 
medically significant form of cancer. 
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Cell lines were first derived from human germ cell tumors and main- 
tained as xenografts in the 1950s (Pierce et al. 1957). Later, several lines 
were established in culture, notably TERA], TERA2, and SuSa, described 
during the 1970s (Fogh and Trempe 1975; Hogan et al. 1977). Initial stud- 
ies of these cell lines highlighted similarities with the mouse EC cells. In 
particular, some of the human GCT-derived cell lines were reported to 
express the F9 antigen and, later, SSEA1 (Hogan et al. 1977; Holden et 
al. 1977; Solter and Knowles 1978). It was first assumed that this was 
consistent with human EC cells expressing the F9 antigen, like murine 
EC cells. However, a comparative study by Andrews et al. (1980) of a 
range of cell lines derived from GCT, and a more detailed analysis of one 
of these, 2102Ep (Andrews et al. 1982), led to the conclusion that human 
EC cells differ in a number of respects from their murine counterparts. In 
particular, SSEA1, which had become a hallmark of murine EC cells, 
appeared not to be expressed by human EC cells, in contradiction to the 
earlier studies, although it is expressed by some derivative cells following 
differentiation. On the other hand, two new antigens, SSEA3 and SSEA4, 
which are expressed by cleavage-stage murine embryos but not ICM or 
EC cells, are present on human EC cells (Andrews et al. 1982; Damjanov 
et al. 1982; Shevinsky et al. 1982; Kannagai et al. 1983a). 

SSEA3 and -4 are epitopes associated with globoseries glycolipids 
expressed on the cell surface (Table 2) (Kannagi et al. 1983a,b). In con- 
trast, SSEA1 is an epitope associated with a lactoseries glycolipid that 
contains a different core structure, although it is synthesized from the 
same precursor, lactosylceramide (Gooi et al. 1981; Kannagi et al. 1982). 
Murine EC cells and early embryos express the Forssman antigen, which 
also possesses a globoseries core structure (Willison et al. 1982). 
However, the terminal disaccharide, galactosaminyl galactosamine, which 
forms the Forssman epitope, occurs in the mouse but not in humans. One 
possibility is that the terminal structures forming the SSEA3 and -4 epi- 
topes in humans might not occur in mouse EC cells because of competi- 
tion by the enzyme forming the terminal Forssman epitope. Perhaps the 
more significant issue is the similarity between human and murine EC 
cells in their expression of globoseries glycolipid core structures, rather 
than differences in the terminal modifications of these oligosaccharides 
(Fenderson et al. 1987). 

The SSEA3 and -4 epitopes are members of the P blood group sys- 
tem, and the red blood cells of most people express both epitopes. 
However, a very small number of individuals lack the ability to synthesize 
the P blood group substance, which has been identified with globoside, 
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and these individuals are also unable to produce the SSEA3 or -4 antigens 
(Tippett et al. 1986). Interestingly, women lacking the P blood group anti- 
gens have a high rate of spontaneous abortions (Race and Sanger 1975), 
perhaps because of their ability to mount an immune reaction to antigens 
such as SSEA3 and -4, which studies of EC cells suggested are expressed 
on the very early embryo (Tippett et al. 1986). It also transpires that red 
blood cells of about 1% of Caucasians do not express SSEA4, which has 
been equated to a previously identified blood group antigen called Luke. 
It is not known whether Luke (-)/SSEA4(—) individuals also have high 
rates of spontaneous abortions, or what other consequences might flow 
from this polymorphism. 

Another set of antigens that have been identified in human EC cells 
are epitopes associated with keratan sulfate, notably TRA-1-60 and TRA- 
1-81 (Andrews et al. 1984a; Badcock et al. 1999), as well as GCTM2, 
K21, and K4 (Rettig et al. 1985; Pera et al. 1988). It appears that these 
epitopes are commonly expressed by human EC cells, and indeed some, 
notably TRA-1-60, have been shown to be useful serum markers in germ 
cell tumor patients as they are shed by EC cells (Marrink et al. 1991; 
Mason et al. 1991; Gels et al. 1997). A workshop to compare expression 
of a variety of antigens by a large panel of human GCT cells confirmed 
that SSEA3, SSEA4, TRA-1-60, TRA-1-81, and GCTM2 are all charac- 
teristic markers of human EC cells (Andrews et al. 1996). 


Differentiation of Human EC Cells 


A striking feature of many established human EC cell lines is their lack 
of ability to differentiate into well-recognizable cell types. This might, in 
part, reflect their evolution in tumors, since an ability to differentiate 
would tend to limit tumor growth and so provide a selective disadvantage 
for stem cells, whereas acquisition of an inability to differentiate would 
provide a strong selective advantage. Unlike murine EC cells, human EC 
cells are highly aneuploid, and it is easy to envisage that genetic changes 
which inhibit their differentiation might occur readily during their devel- 
opment. This facet of human GCT biology makes difficult the definition 
of EC cells, since an ability to differentiate is generally taken as a key 
diagnostic feature of an EC phenotype, and of course, the particular inter- 
est of EC cells to developmental biologists lies in their ability to differ- 
entiate. Recently, we observed that hybrids formed between 2102Ep, a 
relatively nullipotent EC line, and NTERA2 pluripotent EC cells 
appeared to retain an ability to differentiate (C. Duran and P.W. Andrews, 
unpubl.). Therefore, we concluded that 2102Ep cells fail to differentiate 
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because of a loss of some function rather than acquisition of an active 
inhibitor of differentiation. 

Nevertheless, a number of human EC cell lines do show morpholog- 
ical changes, accompanied by changes in expression of various markers, 
when cultured under different conditions. In particular, many undergo a 
transition to a “large flat” phenotype when cultured at low cell densities. 
This has been examined in closest detail in the 2102Ep EC cell line 
(Andrews et al. 1982). Low-density culture of these cells results in down- 
regulation of SSEA3, and the appearance of SSEA1. The low-density, 
SSEA1 (+) cells also activate expression of fibronectin (Andrews 1982), 
and some produce human chorionic gonadotropin (HCG) and resemble 
trophoblastic giant cells (Damjanov and Andrews 1983). The mechanism 
of low-density-induced differentiation is unclear. It is evidently not due to 
low levels of an autocrine factor produced by the EC cells themselves, as 
conditioned medium from high-density cultures does not inhibit the phe- 
nomenon. Additionally, inhibition of cadherin-mediated cell:cell adhesion 
by culture in medium with low levels of Ca** does not induce this type of 
differentiation (Giesberts et al. 1999). Nevertheless, some short-range 
signal between cells must be involved. 

The apparent trophoblast differentiation seen in low-density cultures 
of 2102Ep, and some other human EC cell lines, reflects a notable differ- 
ence between murine and human GCT; namely, the frequent occurrence 
of trophoblastic elements in human but not mouse teratocarcinomas 
(Damjanov and Solter 1974). The observation that murine EC cells appear 
to make trophoblastic elements only rarely, if at all, correlates with the 
notion that murine EC cells are equivalent to late ICM, or primitive ecto- 
derm cells which have lost the capacity for trophoblastic differentiation. 
A corollary of these observations is that human EC cells correspond to an 
earlier stage of embryonic development than mouse EC cells (e.g., cleav- 
age-stage embryos), or that the embryonic cells to which the human cells 
are related possess a wider range of potency than the corresponding 
mouse cells at the same stage of embryonic development. 

Although many human EC cells do not appear to differentiate in 
response to retinoic acid, a number of lines that do differentiate exten- 
sively have been described. For example, GCT27 is an EC cell line that 
requires maintenance on feeder layers to prevent differentiation (Pera et 
al. 1989). When removed from feeders, the cells undergo differentiation 
into a variety of cell types that include extraembryonic endodermal cells 
and cells with neural properties. They respond to retinoic acid, yielding 
cells resembling extraembryonic endoderm (Roach et al. 1993), and also 
differentiate in response to BMP2 (Pera and Herzfeld 1998). Other EC 
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lines that differentiate extensively include NCR-G3 (Hata et al. 1989; 
Umezawa et al. 1996), NCC IT (Teshima et al. 1988; Damjanov et al. 
1993), and NEC14 (Hasegawa et al. 1991). However, perhaps the most 
extensively studied is the TERA2 line. 


The TERA2 Pluripotent EC Line 


The TERA2 teratocarcinoma cell line is one of the oldest extant human 
GCT lines (Fogh and Trempe 1975), but it was several years before it was 
recognized as a pluripotent EC cell because cultures of these cells fre- 
quently contain multiple cell types and may, depending on culture condi- 
tions, contain very few EC cells. A more robust subline, NTERA2, was 
derived by Andrews et al. (1984b) after passage of TERA2 through an 
athymic (nu/nu) (nude) mouse in which it formed a xenograft tumor with 
marked teratoma features. TERA2 and NTERA2 xenografts contain mul- 
tiple cell types, most notably glandular structures and neural elements 
(Fig. 4). Single-cell clones of NTERA2 were isolated, and NTERA2 
clone D1 (often abbreviated NT2/D1) became the standard line that is 
now widely used. NTERA2 cells express characteristics in common with 
other human EC cells such as 2102Ep, for example, SSEA3 and SSEA4, 
as well as TRA-1-60 and high levels of the liver isozyme of alkaline phos- 
phatase. Interestingly, unlike many other human EC lines, the TERA2- 
derived lines do not express any placental-like ALP activity and show no 
evidence of trophoblastic differentiation when cultured at low cell densi- 
ty, although induction of both SSEA1 and fibronectin occurs. 

Not only do NTERA2 EC cells form well-differentiated teratomas 
when grown as xenografts in nude mice, they also respond to retinoic acid 
and other agents in culture (Fig. 5) (Andrews 1984). After exposure to 
10° or 10°°M retinoic acid, NTERA2 cells rapidly lose their EC pheno- 
type, acquiring a substantially different growth pattern and cellular mor- 
phology. Cultures exposed to retinoic acid typically lose expression of EC 
markers such as SSEA3, SSEA4, or TRA-1-60 over a 1- to 2-week peri- 
od (Fig. 6). At the same time, a variety of other antigens, notably gan- 
glioseries glycolipids, appear on the surface of the cells (Fenderson et al. 
1987). Generally, a 2- to 3-day exposure to retinoic acid is sufficient to 
commit almost all the cells to differentiate, and within 2-3 weeks, EC 
cells are not detectable in the cultures. 

Differentiation of NTERA2 EC cells is characterized not only by 
changes in surface antigen expression, but also by changes in susceptibil- 
ity to infection with certain viruses, notably human cytomegalovirus 
(HCMV) and human immunodeficiency virus (HIV). For example, 
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Figure 4 Xenograft tumor of NTERA2 human EC cells grown in a SCID mouse. 
(A) Staining with hematoxylin and eosin, showing glandular structures (GL) and 
patches of embryonal carcinoma (EC); (B) staining for Nissl substance indicat- 
ing neural perikarya (NP); (C) silver staining of neural fibers (NF). Bars: (A) 60 
um; (B, C) 40 um. 


NTERA2 stem cells are resistant to infection with HCMV and HIV, 
whereas the differentiated cells are permissive for the replication of both 
viruses (G6nczél et al. 1984; Hirka et al. 1991). In the case of HCMV, 
resistance results from inactivity of the major immediate early promoter 
of the virus in the EC cells (Lafemina and Hayward 1988; Nelson and 
Groudine 1986). 

Many genes also show a marked regulation during NTERA2 differ- 
entiation. For example, Oct4, which is characteristically expressed by EC 
cells and ES cells, is down-regulated following retinoic acid induction of 
NTERA2 cells (S.A. Przyborski and PW. Andrews, unpubl.). At the same 
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Figure 5 Cultures of NTERA2 human EC cells. Phase contrast micrographs of 
NTERA2 cultures showing: (A) undifferentiated NTERA2 human EC stem cells; 
(B, C) differentiated derivatives after 3-4 weeks’ exposure to 10 UM retinoic acid and 
3 mM HMBA, respectively; (D) cultures enriched for NTERA2-derived neurons as 
previously described (Pleasure et al. 1992). Bars: (4, B, C) 50 um; (D) 500 um. 


time, a number of other genes are induced. Among these is a member of 
the Wnt family, Wnt/3, that is not expressed by NTERA2 or other human 
EC cells, but is induced strongly upon retinoic acid induction (Wakeman 
et al. 1998). Curiously, we have not detected expression of other members 
of the Wnt family during NTERA2 differentiation whereas, for example, 
Wnt has been noted to be induced during differentiation of the mouse EC 
line P19 (Papkoff 1994). Members of the Frizzled family of genes that 
encode putative receptors for Wnt are also expressed in various patterns 
during NTERA2 differentiation, and we have speculated that this may 
indicate a possible role for Wnt signaling in controlling the types of cells 
that are generated during differentiation (Wakeman et al. 1998 and 
unpubl.). Lithium, an inhibitor of GSK3B, which is a component of the 
Wnt signaling pathway, is also able to induce NTERA2 differentiation, 
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Figure 6 Changes in cell-surface antigen expression by NTERA2 cells during 
differentiation induced by either 10 UM retinoic acid (solid line) or 3 mM HMBA 
(broken line), analyzed by immunofluorescence and flow cytofluorimetry. 
SSEA3, SSEA4, and TRA-1-60 are EC-cell-specific antigens (Andrews et al. 
1996), whereas A2B5, VINIS53, and ME311 are antigens induced upon differ- 
entiation (Fenderson et al. 1987; Andrews et al. 1990). SSEA3, SSEA4, A2B5, 
and ME311 are associated with glycolipids (see Table 1), whereas TRA-1-60 is a 
keratan sulfate-associated antigen (Badcock et al. 1999) and VINISS3 recognizes 
NCAM (P.W. Andrews, unpubl.). 


and we have speculated that this might indicate a potential for EC cell dif- 
ferentiation to be modulated by Wnt signaling (Giesberts et al. 1999). 
One gene family that is subject to marked up-regulation following 
retinoic acid treatment is the Hox family. Mammalian Hox genes are 
encoded by four separate clusters located throughout the mammalian 
genome (Wright 1991). These clusters are related in organization to those 
that occur in lower vertebrates and invertebrates such as Drosophila, and 
the temporal and spatial pattern of expression of the genes along the 
anterior—posterior axis of the developing embryo is related to their posi- 
tions in the clusters. Hox genes located at the 3’ ends of the clusters have 
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a more anterior pattern of expression than those found in the 5’ ends of 
the clusters. Mavilio and his colleagues observed that many Hox genes 
are induced during differentiation of NTERA2 cells (Mavilio et al. 1988) 
and, moreover, their expression is induced in a retinoic acid-dosage- 
dependent manner that relates to the position of Hox genes within the 
gene clusters (Simeone et al. 1990). Thus, Hox genes located at the 3’ 
ends of the Hox clusters are inducible to maximum level by low concen- 
trations of retinoic acid (less than 10-’M) whereas genes located at the 5’ 
ends of the clusters require much higher concentrations of 10° and 10° 
M retinoic acid for maximum induction. It was suggested that this feature 
reflects a possible role of retinoic acid in patterning the anterior—posteri- 
or axis of the developing embryo. The temporal sequence of Hox gene 
activation is also related to their position in the gene clusters, 3’-end 
genes appearing substantially before 5’-end genes. 

As retinoic-acid-induced differentiation of NTERA2 EC cells pro- 
gresses, neural markers become evident and neurons expressing neurofil- 
ament proteins and a typically neuronal morphology appear, most usual- 
ly during the second week after first exposure to retinoic acid (Fig. 5B) 
(Andrews 1984; Lee and Andrews 1986). Neurons derived from 
NTERA2 after retinoic acid treatment probably comprise only 2—5% of 
all the differentiated cells, but they are the most obvious and prominent 
ones. These neurons express tetrodotoxin-sensitive sodium channels 
(Rendt et al. 1989) and exhibit regenerative membrane potentials, as well 
as a wide variety of other neural characteristics, such as glutamate recep- 
tors and voltage-gated calcium channels (Pleasure and Lee 1993; Younkin 
et al. 1993; Squires et al. 1996). Neurons may be purified from the cul- 
tures by techniques involving differential trypsinization and treatment 
with mitotic inhibitors (Fig. 5D) (Pleasure et al. 1992). Recently, it has 
been suggested that these NTERA2-derived neurons could be implanted 
into the central nervous system to correct neural deficits resulting from 
various diseases. Thus, in rats, such neurons will apparently survive and 
integrate functionally to correct partial defects resulting from experimen- 
tally induced stroke (Borlongan et al. 1998; Hurlbert et al. 1999; Muir et 
al. 1999; Philips et al. 1999). 

The differentiation of NTERA2 cells into neurons appears in many 
ways to recapitulate the steps that occur during embryonic development 
of the nervous system (Figs. 7 and 8) (Przyborski et al. 2000). For exam- 
ple, nestin, a gene that encodes an intermediate neurofilament protein 
characteristic of proliferating neuroprogenitors, is rapidly up-regulated 
soon after NTERA2 EC cells are exposed to retinoic acid. This transient 
rise of nestin expression is immediately followed by increases in expres- 
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Figure 7 Gene expression in developing CNS neurons of the vertebrate embryo. 
(A) Neuronal precursors proliferate in the ventricular zone of the neural tube. As 
these cells repeatedly divide and pass through the cell cycle, the position of their 
perikarya oscillates within this germinal epithelium as indicated (G,, S, G,, mito- 
sis). Cells leave the mitotic cycle, migrate out of the ventricular zone, and com- 
mence differentiation. The levels of previously characterized neural genes 
change markedly during this process and can be used as indicators of neuronal 
development. (B) Schematic illustrating the regulated expression of nestin, 
neuroD1, neuron-specific enolase (NSE), and synaptophysin in proliferating, 
postmitotic, and terminally differentiating embryonic neurons, respectively, dur- 
ing the formation of the vertebrate CNS. 


sion of neuroD1, a bHLH transcription factor localized in postmitotic 
neuroblasts of the developing nervous system. Subsequently, genes typi- 
cal of terminally differentiated neurons become expressed; for example, 
neuron-specific enolase and synaptophysin. 

NTERAZ EC cells are susceptible to induction not only with retinoic 
acid but also with a number of other agents, most notably hexamethylene 
bisacetamide (HMBA) (Andrews et al. 1990) and members of the BMP 
family (Andrews et al. 1994). NTERA2 cells induced with 3 mm HMBA 
are distinct from those induced with retinoic acid, and neural elements are 
mostly not evident (Fig. 5C), although one good marker of differentiation 
induced by HMBA is NCAM. BMPs, notably BMP7, also induce 
NTERA2 differentiation, yielding again a distinct set of cells. On the 
other hand, there are some overlaps in the nature of the cells induced by 
these agents. For example, we have found the induction of smooth mus- 
cle actin following exposure to BMP7, but also, at rather lower levels, fol- 
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Figure 8 Expression of neurogenic genes during NTERA2 development. RT-PCR 
analysis of molecular markers for proliferating (nestin), postmitotic (neuroD 1), 
and maturing (NSE, synaptophysin) neurons during retinoic-acid-induced differ- 
entiation of NTERA2 human EC cells. Purified neurons and nonneuron samples 
were prepared from 28-day retinoic-acid-induced NTERA2 cultures using the 
method of Pleasure et al. (1992). Expression of B-actin was used to assess RT 
DNA levels as shown. 


lowing retinoic acid induction (Qualtrough 1998). Although many of the 
markers typical of retinoic acid induction are not expressed soon after 
treatment with HMBA, the HMBA-induced cultures eventually often 
express some of the markers that are typical of retinoic-acid-treated cul- 
tures, and a few neurons are occasionally observed. Thus, although the 
pathways of differentiation induced by these three agents, retinoic acid, 
HMBA, and BMP7, are predominantly different, they nevertheless seem 
to overlap with one another and the pathways are not mutually exclusive. 

The nature of the nonneural cells seen in differentiating cultures of 
NTERA2, whether induced by retinoic acid, HMBA, or BMP7, are not 
fully characterized. Although the appearance of smooth muscle actin sug- 
gests the appearance of smooth muscle cells, we have never noted expres- 
sion of MyoD, or the induction of cells corresponding to skeletal or car- 
diac muscle, which would indicate mesodermal differentiation; nor has 
endodermal differentiation been observed. It appears that NTERA2 EC 
cells are committed to ectoderm but that the nature of the ectodermal 
pathways induced depends on the culture conditions applied. Under some 
conditions, for example after retinoic acid induction, the cells adopt a fate 
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more akin to dorsal ectoderm and give rise to neural derivatives, whereas 
in other circumstances they may give rise to more ventral types of ecto- 
derm. Smooth muscle induction may be indicative of differentiation cor- 
responding to neural crest derivatives. However, not only the NTERA2 
EC cells, but also a number of other human EC lines express Brachyury 
even though mesodermal differentiation has not been observed (Gokhale 
et al. 2000). Whether this expression of Brachyury indicates a competence 
for mesodermal differentiation that is not realized under the available cul- 
ture conditions, or whether Brachyury is not an indicator of competence 
for mesodermal differentiation in humans, remains to be ascertained. On 
the other hand, the gross aneuploidy of NTERA2 cells, in common with 
other human EC cells, may be indicative of genetic changes that interfere 
with their developmental potential. 


PRIMATE ES CELL LINES 


Although human EC cells resemble mouse EC cells in some respects, 
they differ from them in a number of important areas. Thus, the relation- 
ship of human EC cells to human embryonic stem (ES) cells was, to some 
extent, in question not least because of the extensive chromosomal 
changes seen in EC cells. However, recently, primate ES cell lines have 
been isolated from rhesus monkeys, common marmosets, and humans, 
and they have proved to share many of the characteristics previously 
defined for human EC cells. 

The primate ES cells were derived by plating an isolated ICM on 
fibroblasts in the presence of serum, but in the absence of other exoge- 
nous growth factors (Thomson et al. 1995, 1996, 1998; Thomson and 
Marshall 1998; Reubinoff et al. 2000). These conditions are similar to 
those used for the derivation of some human EC cell lines, and for the 
derivation of mouse ES cells prior to the identification of leukemia 
inhibitory factor (LIF) as a critical mediator of mouse ES cell self-renew- 
al (Smith et al. 1988; Williams et al. 1988). Human embryonic germ (EG) 
cell lines have also been isolated from fetal germ cells plated on fibro- 
blasts in the presence of serum, but their derivation required supplemen- 
tation of the medium with LIF, basic fibroblast growth factor, and 
forskolin (Shamblott et al. 1998). 

The factors produced by fibroblasts that are required for human ES 
and EG cell self-renewal are unknown. Mouse ES cells remain undiffer- 
entiated and proliferate in the absence of fibroblasts if LIF, or other LIF 
cytokine family members such as ciliary neurotropic factor (CNF) or 
oncostatin M, are present (Smith et al. 1988; Williams et al. 1988; 
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Conover et al. 1993; Rose et al. 1994). Each of these factors acts through 
the LIF receptor complex, a heterodimer of the LIF receptor and the IL-6 
signal transducer, gp130 (Yoshida et al. 1994). However, primate ES cells 
cultured in the presence of LIF and in the absence of fibroblasts uni- 
formly differentiate or die within about 7-10 days (Thomson and 
Marshall 1998; Thomson et al. 1995, 1996, 1998; Reubinoff et al. 2000). 
Rhesus ES cells grown on primary fibroblasts derived from homozygous 
LIF-knockout mice continue undifferentiated proliferation for at least 
three passages (Thomson and Marshall 1998). Some human EC cell lines 
are feeder-dependent, and LIF, oncostatin M, and CNF also fail to prevent 
their differentiation (Roach et al. 1993). Given the reported importance of 
LIF in the culture of human EG cells, further work is warranted to clari- 
fy whether the gp130 signaling pathway is active at all in primate ES 
cells, or whether an entirely different signaling pathway mediates undif- 
ferentiated proliferation. 

Human, rhesus monkey, and common marmoset ES cells all express 
a shared repertoire of cell-surface antigens that is similar to that of undif- 
ferentiated human EC cells, including SSEA3, SSEA4, TRA-1-60, TRA- 
1-81, and alkaline phosphatase (Thomson et al. 1995, 1996, 1998; 
Thomson and Marshall 1998; Reubinoff et al. 2000). Human EG cells 
similarly express these markers, but they also express the lactoseries gly- 
colipids, SSEAI (Shamblott et al. 1998), which is not expressed by 
human EC and primate ES cells. The pattern of markers expressed by 
both primate ES cells and human EG cells differs from those expressed 
by mouse ES cells, underscoring basic differences in early mouse and 
human embryology. 

The morphologies of primate ES cells and human EC cells are very 
similar (Fig. 9), but are distinct from the reported morphology of human 
EG cells. Primate ES cells form relatively flat, compact colonies that dis- 
sociate into single cells easily in trypsin or in Ca’*/Mg*’-free medium, 
whereas human EG cells form tight, more spherical colonies that are 
refractory to routine dissociation methods. In general, undifferentiated 
growth of human EC cells is promoted at high cell densities. In contrast, 
primate ES cells differentiate rapidly if they are allowed to pile up after 
the cultures grow to confluence. It is not yet clear whether the cell-surface 
marker and morphological differences between human ES cells and 
human EG cells reflect fundamental biological differences, or merely dif- 
ferences in culture conditions. 

Primate ES cells share with human EC cells the ability to differenti- 
ate to extraembryonic lineages, including yolk sac and trophoblast 
(Thomson et al. 1995, 1996, 1998; Thomson and Marshall 1998; 
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Figure 9 Human ES cell colony on fibroblast feeder layers. Bar, 75 um. 


Reubinoff et al. 2000). Mouse ES cells rarely contribute to trophoblast in 
chimeras, and it is unclear whether the rare ES-cell-derived cells that inte- 
grate into the trophoblast are functional trophoblast cells (Beddington et 
al. 1989). Primate ES cell lines will spontaneously differentiate in vitro to 
endoderm (probable extraembryonic endoderm) and trophoblast, evi- 
denced by the secretion of a&-fetoprotein and chorionic gonadotropin into 
the culture medium (Thomson et al. 1995, 1996, 1998; Thomson and 
Marshall 1998; Reubinoff et al. 2000). In the mouse embryo, the last cells 
capable of contributing to derivatives of both trophectoderm and all three 
embryonic germ layers are early ICM cells of the expanding blastocyst 
(Winkel and Pederson 1988). The timing of commitment to ICM or tro- 
phectoderm has not been established for any primate species, but because 
human EC/ES cells can differentiate to trophoblast and to derivatives of 
all three germ layers, and because they express SSEA3 and SSEA4, 
human EC/ES cells may resemble an earlier stage of embryogenesis than 
mouse EC/ES cells (Andrews et al. 1980). However, the fact that mouse 
ES cells will contribute to the trophoblast even rarely in chimeras sug- 
gests that they may have the developmental potential to form trophoblast, 
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but that the environmental conditions in chimeras simply do not allow 
efficient differentiation to trophoblast by ES cells. Indeed, it has recently 
been demonstrated that repression of Oct4 in mouse ES cells induced tro- 
phectoderm differentiation (Niwa et al. 2000). 

Like their mouse ES/EC counterparts, primate ES cell lines have both 
more advanced and more consistent developmental potentials than human 
EC cell lines, possibly reflecting the malignant origin and the severe kary- 
otypic abnormalities of the EC cells (Roach et al. 1993). Human and rhe- 
sus ES cells injected into SCID mice consistently form teratomas with 
advanced differentiated structures of all three embryonic germ layers, 
including smooth and striated muscle, bone, cartilage, gut and respirato- 
ry epithelium, keratinizing squamous epithelium, neurons, and ganglia 
(Fig. 10). What is remarkable about the primate ES cell teratomas is not 
only the range of individual cell types, but also the formation of complex 
structures requiring coordinated interactions between different cell types. 
For example, the development of neural tube-like structures, gut-like 


Figure 10 Teratoma from human ES cells injected into SCID beige mice: (A) 
Fetal glomeruli; (B) striated muscle; (C) gut; (D) neural epithelium. Bars: (4, D) 
100 um; (B) 50 um; (C) 167 um. 


Embryonal Carcinoma Cells 257 


structures, and hair follicles requires highly coordinated interactions 
between different cell types. Finally, perhaps the most impressive exam- 
ple of organized epithelial-mesenchymal interactions in these primate ES 
cell tumors is the formation of well-organized tooth buds, complete with 
ameloblasts, odontoblasts, and intervening dentin. The formation of ter- 
atomas by human EG cells has not been described, but differentiation of 
derivatives of all three embryonic germ layers in vitro has been reported 
(Shamblott et al. 1998). 


CONCLUSION 


The past 20 years have been marked by a dramatic increase in our under- 
standing of mammalian development, most notably in the laboratory 
mouse. In part, this has been a consequence of the revolution in molecu- 
lar genetics, and the finding that many regulatory mechanisms have been 
highly conserved throughout phylogeny. It has also had its roots in the 
study of teratocarcinomas and their EC stem cells. Those studies provid- 
ed a stimulus to thought and approaches to embryonic development at a 
time when other tools were limited. They provided access to key mole- 
cules and genes that play a role in development, and they continue to pro- 
vide a convenient experimental system for addressing some questions 
about the mechanisms that regulate embryonic cell differentiation. The 
culmination of that work was the development of techniques for culturing 
ES cells, which now provide the key route to genetic manipulation of the 
laboratory mouse. 

Although human embryogenesis undoubtedly resembles that of other 
mammalian species, there are certainly differences at the morphological 
as well as at the cellular and molecular levels. Given the logistical as well 
as ethical and legal difficulties surrounding work with human embryos, 
teratocarcinomas and their EC stem cells derived from human germ cell 
tumors provide a useful tool for helping to translate findings in species 
more tractable to experimental study to the human situation. For example, 
we have investigated the pattern of expression of various glycolipid anti- 
gens, and there are certainly aspects of their expression that are distinct 
between human and mouse EC cells and, evidently, embryos. The recent 
characterization of human and monkey ES cells has validated the pre- 
sumption that human EC cells do relate to pluripotent cells of the very 
early embryo, as in the mouse model, so that results from EC cell lines 
will continue to provide important pointers for future study. In some 
ways, the capacity of EC cell differentiation is limited, and the availabil- 
ity of human ES cell lines will extend the range of questions that can be 
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addressed in vitro. On the other hand, the limitations of EC cells can 
sometimes be put to advantage, as EC cells provide a simpler and more 
robust experimental system. Human EC and ES lines are likely to remain 
complementary tools. 

Apart from their value as experimental tools, pluripotent stem cells 
are likely sources of specific differentiated cell types for tissue replace- 
ment therapies for a whole host of diseases. Some have already made a 
start in this direction using EC-cell-derived neurons. Eventually, ES cells 
may provide the source of choice for such treatments because of their evi- 
dent “normality” and the lesser likelihood of reversion to a malignant 
phenotype. Nevertheless, our current ability to culture human ES cells, 
and our understanding of their biology, rests on many decades of work 
with their tumor-derived counterparts, the EC cells of murine and human 
teratocarcinomas. 
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THE TROPHOBLAST LINEAGE AND PLACENTAL DEVELOPMENT 


In the mammalian embryo, the formation of the extraembryonic lineages, 
the trophectoderm and primitive endoderm, precedes the differentiation 
of cells that will contribute to the fetus itself. The precocious differentia- 
tion of these lineages in mammals is related to their essential roles in pro- 
moting survival of the embryo in the uterine environment. Cells of the 
primitive endoderm give rise to the endoderm layers of the yolk sacs, 
whereas descendants of the trophectoderm will form the trophoblast por- 
tion of the placenta (Fig. 1). The development of both extraembryonic lin- 
eages has been reviewed previously (Rossant 1986, 1995). The scope of 
the following discussion is to provide an overview of trophectoderm 
development in the preimplantation embryo and of the trophoblast lin- 
eage and placenta in postimplantation stages, as the basis for the study of 
trophoblast stem cells. 

The trophectoderm is the first cell type to differentiate in the mam- 
malian embryo. In the mouse, it is morphologically distinguishable by the 
blastocyst stage (3.5 days post coitum [dpc]), where it forms an outer 
monolayer of cells surrounding the blastocoelic cavity and the inner cell 
mass (ICM) (Fig. 1A). The trophectoderm cells are characterized by their 
flattened epitheloid-like appearance, with apical tight junction complex- 
es. In addition, trophectoderm cells harbor sodium pumps (Na’, K’- 
ATPase) whose activity leads to accumulation of fluid within the blasto- 
coel cavity, resulting in blastocoel expansion. This process is thought to 
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Figure I Development of the trophoblast lineage. (A) The development of the tro- 
phoblast is presented in the context of the development of the embryo proper and 
extraembryonic tissues. (ICM) Inner cell mass; (TE) trophectoderm; (bc/) blasto- 
coel; (pTE) polar trophectoderm; (mTE) mural trophectoderm; (prim ecto) prim- 
itive ectoderm; (prim endo) primitive endoderm; (second gcs) secondary giant 
cells; (EPC) ectoplacental cone; (ExE) extraembryonic ectoderm; (RM) 
Reichert’s membrane; (par endo) parietal endoderm; (visc endo) visceral endo- 
derm; (e) embryonic ectoderm; (prim gcs) primary giant cells; (vys) visceral yolk 
sac; (ch) chorion; (al) allantois; (pys) parietal yolk sac; (dec) maternal decidua; 
(spong) spongiotrophoblast; (/ab) labyrinthine trophoblast. (B) This diagram pre- 
sents a model for the development of the trophoblast lineage from the blastocyst 
stage (3.5 dpc) through the formation of the chorioallantoic placenta, with an 
emphasis on stages and developmental origins of the trophoblast. Interaction 
with the ICM or its derivatives is crucial for the proliferation and maintenance of 
a trophoblast stem-cell population (gray shading). 
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facilitate hatching from the zona pellucida, a thick protein coat surround- 
ing the embryo (Wiley et al. 1990). 

The distinction of the trophectoderm from the ICM may be initiated 
during the events of compaction at the eight-cell stage, when cells 
become polarized. During successive divisions, cells that inherit an apical 
region will end up in the trophectoderm, while apolar cells contribute to 
the ICM. However, irreversible commitment of individual cells to the tro- 
phoblast lineage does not occur until the blastocyst stage (Rossant and 
Vijh 1980; Johnson and Ziomek 1981; Pedersen 1986). 

In the blastocyst, trophectoderm cells make up approximately 75% of 
the total cell number (Copp 1978), underscoring the fact that most of the 
cells in the embryo at this stage are set aside for the role of establishing 
the maternal-embryonic contact. By 4.5 dpc, at the peri-implantation 
stage, the formation of different trophectodermal subtypes is initiated. 
While the cells overlying the ICM continue to divide and form the polar 
trophectoderm, the cells away from the ICM, the mural trophectoderm, 
cease dividing, but continue to replicate their DNA (Fig.1A) (Copp 
1978). This process, known as endoreduplication, gives rise to cells with 
multiple copies of their genome (Barlow and Sherman 1972). They will 
form the primary trophoblast giant cells that mediate implantation of the 
embryo into the uterine epithelium and later take on endocrine functions 
(Gardner and Johnson 1972). 

Following implantation, the polar trophectoderm continues to divide 
and grows initially toward the blastocoelic cavity, to form the extraem- 
bryonic ectoderm (ExE), and then outward to form the ectoplacental cone 
(EPC) (Copp 1979). This typical directional growth may occur due to 
mechanical constraints placed on the implanting blastocyst by the uterine 
wall (Gardner et al. 1973; Copp 1979). Secondary trophoblast giant cells 
arise at the periphery of the EPC and eventually come to surround the 
entire embryo and its membranes. These cells provide direct contact with 
the maternal environment during the early part of pregnancy. These poly- 
ploid cells appear phenotypically indistinguishable from primary giant 
cells of the blastocyst (Fig. 1A). 

At 8.5 dpc, formation of the chorioallantoic placenta is initiated by 
fusion of the diploid trophoblast of the EPC and chorionic plate with the 
allantois, a structure derived from extraembryonic mesoderm (Fig. 1A). 
Subsequently, by 10.0 dpc, three distinctive trophoblast cell layers are 
formed, which persist for the rest of gestation. The innermost layer, the 
labyrinth, is formed following the attachment of the allantois to the chori- 
on, and eventually will be the site for exchange of nutrients and gases 
with the maternal blood. This function is achieved via the large surface 
area of the labyrinthine layer, formed through extensive folding and 
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branching that occur as it develops. The intermediate compact layer of 
spongiotrophoblast cells, through which the maternal blood cells pass, is 
formed as a consequence of the expansion and flattening of the EPC after 
7.5 dpc. The third layer, the outer layer of giant cells, is formed from the 
postmitotic trophoblast cells lying at the periphery of the EPC, and prac- 
tically covers the entire placenta. The trophoblast cells perform many 
other functions connected with survival in the uterus, including hormone 
and cytokine production and immune protection of the fetus (Cross et al. 
1994; Cross 2000). 


EVIDENCE FOR THE EXISTENCE OF TROPHOBLAST 
STEM CELLS IN VIVO 


A basic requirement for cells within a specific lineage to serve as stem 
cells is their ability for self-renewal, and the capacity to give rise to all 
descendants of that lineage. The existence of such cells in the trophoblast 
lineage of the mouse has been implied by numerous studies, as summa- 
rized below. 


Studies on the Trophoblast Lineage 


As discussed earlier, following implantation the mural trophoblast cells 
of the blastocyst stop dividing and transform into primary giant cells, 
while the polar trophoblast cells continue to divide (Copp 1978). In cul- 
ture, mural trophectoderm fragments were shown to form trophectoderm 
vesicles that induce decidual reactions when transferred to uteri of 
pseudopregnant recipients. Although these vesicles implanted at equal 
efficiencies as control blastocysts, only a limited number of giant cells 
were recognized at the sites of implantation of the trophectoderm 
(Gardner and Johnson 1972). This suggested that the mural trophecto- 
derm by itself is limited in its ability to contribute additional giant cells 
due to its inability to proliferate. Indeed, a later study showed that further 
increase in the number of primary giant cells relies on cell division orig- 
inating in the polar trophectoderm followed by cell migration to the 
mural trophectoderm (Copp 1979). Thus, these experiments demonstrat- 
ed that trophectoderm proliferation relies on cell division to be main- 
tained in the polar trophectoderm. 

Ectopic transplantation of EPC led to the formation of trophoblast 
giant cells at the transplantation sites (Kirby et al. 1966; Avery and Hunt 
1969). This suggested that postimplantation trophoblast still required 
some positive signal to maintain its proliferation. In addition, it was 
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demonstrated that transplanting or culturing pieces of ExE isolated from 
mouse embryos up to 8.5 dpc also resulted in cells with the morphologi- 
cal characteristics of trophoblast giant cells, emphasizing the similarity 
between the properties of the ExE and EPC (Rossant and Ofer 1977). 

The ExE and EPC are not identical, however, although they are both 
diploid trophectoderm derivatives. They respond differently to different 
culture conditions: EPC cells gave rise to giant cells under all conditions 
tested, whereas ExE exhibited a period of sustained proliferation in some 
conditions (Rossant and Tamura-Lis 1981). The two tissues also differed 
in their 2D protein synthetic profiles (Johnson and Rossant 1981). During 
in vitro culture, ExE cells pass through a brief stage of diploid mainte- 
nance and synthesis of EPC-like proteins before transforming into giant 
cells. Under the same conditions, EPC cells rapidly commenced giant cell 
transformation. In addition, when 5.5 dpc and 6.5 dpc ExE were injected 
into 3.5 dpc blastocysts, they contributed to ExE as well as the EPC and 
trophoblast giant cells in resulting chimeras (Rossant et al. 1978). Taken 
together, all these results suggest that the diploid ExE may act as a stem 
cell pool for the postimplantation trophoblast, giving rise to EPC cells as 
well as secondary giant cells. 


ICM and Its Derivatives in Trophoblast Proliferation 


Giant cell transformation is apparently the normal path of differentiation 
of all trophoblast cells of the blastocyst not in contact with the ICM 
(Gardner et al. 1973). This process begins at the abembryonic pole of the 
mouse blastocyst and eventually involves the whole trophectoderm except 
those cells in the region immediately overlaying the ICM (Dickson 1966). 
Reconstitution experiments involving the injection of ICM cells into 
mural trophoblastic vesicles resulted in the development of normal 
embryos (Gardner et al. 1973), thus suggesting the ICM is an active 
source of signals promoting trophoblast proliferation. Continued depen- 
dence of trophoblast proliferation on the ICM and its derivatives could be 
important in ensuring that the development of the trophoblast is coordi- 
nated with that of the embryo it supports. Indeed, it was suggested that 
cell division in the diploid ExE trophoblast cells may be maintained by 
their proximity to the embryo proper during postimplantation stages, 
whereas EPC cells farther away from the ICM derivatives will transform 
into the secondary giant cell population (Gardner et al. 1973). 
Maintaining postimplantation trophoblast cells in close contact with one 
another in the absence of ICM derivatives was insufficient to maintain 
them in a diploid state (Ilgren 1981; Rossant and Tamura-Lis 1981). 
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However, when pieces of ExE were inserted into embryonic tissue, graft- 
ed ectopically, and scored for the presence of trophoblast giant cells, none 
was observed. In control grafts, where ExE was not enclosed in embry- 
onic tissue, trophoblast giant cells were readily found. Thus, it appears 
that a signal emanating from the embryonic tissues was able to maintain 
the ExE cells in a diploid state. In contrast, EPC cells analyzed in similar 
conditions differentiated into trophoblast giant cells, further suggesting 
that the ExE is likely the source of stem cells for the trophoblast lineage 
(Rossant and Tamura-Lis 1981). 


Model for the Postimplantation Trophoblast Cell Lineage 


From all the studies described above, it is possible to present a model for 
the early trophoblast cell lineage incorporating the role of the ICM and its 
derivatives in the induction and maintenance of trophoblast proliferation 
(Fig. 1B) (Copp 1979; Rossant and Tamura-Lis 1981). The model pre- 
sents a pathway of differentiation in which the diploid polar trophecto- 
derm of the blastocyst gives rise to the ExE. A diploid cell population is 
maintained in the ExE, but it is also capable of producing diploid EPC 
cells. Self-renewal in the diploid EPC cells is limited, and some go on to 
form secondary giant cells. Maintenance of a diploid cell population 
within the polar trophectoderm or the ExE is dependent on interaction 
with the ICM or the embryonic ectoderm, respectively (Fig. 1B, gray 
shading). In the mature chorioallantoic placenta, the spongiotrophoblast, 
components of the labyrinth, and the giant cells are direct descendants of 
the trophoblast lineage. 


EVIDENCE FOR FGF SIGNALING IN THE PREIMPLANTATION 
EMBRYO AND ITS IMPORTANCE FOR TROPHOBLAST 
PROLIFERATION 


As described earlier, the proliferative capacity of diploid cells within the 
trophoblast lineage depends on their interaction with the ICM or its deriv- 
atives. Recent expression and genetic studies point to a critical role of 
fibroblast growth factor (FGF) signaling in regulation of proliferation and 
development in the trophoblast lineage. 

The FGF family consists of at least 22 FGF ligands that function in 
various processes throughout embryonic development (Hoshikawa et al. 
1998; Miyake et al. 1998; Ohbayashi et al. 1998; Nishimura et al. 1999; 
Szebenyi and Fallon 1999; N. Itoh, unpubl.). FGF4 is the only ligand 
known to be expressed in the preimplantation embryo. Fg/4 transcripts 
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can be detected at the 1-cell stage through to the blastocyst stage, where 
its expression becomes confined to the ICM (Niswander and Martin 
1992; Rappolee et al. 1994). During peri- and postimplantation stages 
(4.5—6.0 dpc), it continues to be expressed solely in the epiblast in a uni- 
form pattern (Niswander and Martin 1992). Embryos homozygous for an 
Fgf4 null mutation die shortly after implantation (5.5 dpc). Their postim- 
plantation phenotype was characterized by impaired growth of the embry- 
onic component (Feldman et al. 1995). This defect is suggested to occur 
after implantation, since Fgf4” blastocysts appeared normal when com- 
pared to wild-type littermates. Nonetheless, the presence of maternal 
F-gf4 mRNA or protein may partially compensate for the loss of zygotic 
transcripts. This in turn could allow additional cell divisions, resulting in 
extended survival of the embryos until the postimplantation stage. In vitro 
outgrowths from mutant blastocysts revealed the lack of ICM and endo- 
derm, which could be partially rescued by exogenous FGF4 (Feldman et 
al. 1995). Exogenous administration of FGF4 to wild-type cultured ICM 
cells resulted in proliferation of these cells and promoted their differenti- 
ation into parietal and/or primitive endoderm (Rappolee et al. 1994). 
Thus, it appeared that FGF4 serves as a critical component for the sur- 
vival and development of the ICM in the early postimplantation phase of 
mouse embryogenesis. However, Fef4’” embryonic stem (ES) cells can 
be generated, and they proliferate normally in vitro, although growth and 
survival of the differentiated cell types that arise from null ES cells are 
affected (Wilder et al. 1997). This discrepancy between the effects of loss 
of FGF4 in ES cells and embryos could be explained by an additional 
requirement for FGF4 in signaling to the trophectoderm lineage. Some 
data to support this were observations that administration of FGF4 to 
blastocyst outgrowths led to an increase in the number of outgrowing tro- 
phectoderm cells (Chai et al. 1998). Furthermore, addition of FGF4 to 
Oct4 embryos, which only make trophectoderm, also promoted its pro- 
liferation (Nichols et al. 1998). 

FGF signaling is mediated through the cooperative interaction of 
high-affinity tyrosine kinase receptors and heparin sulfate proteoglycans. 
The group of high-affinity FGF receptors consists of four members, 
FGFR1-—FGFR4 (Szebenyi and Fallon 1999). There is some cross-reac- 
tivity between the four receptors and ligands, FGFI-FGF9, and some 
alternatively spliced forms of FGFRI-—FGFR3 have ligand specificity 
(Ornitz et al. 1996). Isoforms of all four FGF receptors bind FGF4, and 
expression of all four receptors has been detected at the blastocyst stage 
(Rappolee et al. 1998; Haffner-Krausz et al. 1999). Both Fgfr3 and Fgfr4 
transcripts are detectable in all early blastocyst cells, with the latter being 
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more pronounced in the trophectoderm (Rappolee et al. 1994). However, 
these receptors are unlikely to play a critical role in trophoblast develop- 
ment, since embryos mutant for Fgfr3 only, or Fgfr3 and Fegfr4, display 
late skeletal and lung defects, respectively (Colvin et al. 1996; Deng et al. 
1996; Weinstein et al. 1998). A recent analysis of Fgfr2 expression pat- 
tern in the preimplantation embryo reveals an early onset of expression of 
two alternatively spliced forms of this receptor (termed IIIb and IIIc) that 
differ in an extracellular Ig domain. The Fgfr2 IIc transcript is present in 
the oocyte, whereas the FgfR2 IIb isoform is first detected in the two-cell 
stage. Both alternatively spliced transcripts are detected through the com- 
pacted morula stage. Whole-mount in situ and immunohistochemistry 
analyses detect Fgfr2 expression specifically in the outer cell layer of the 
morula. These cells later give rise to the trophectoderm, where the expres- 
sion of Fgfr2 persists in the expanded blastocyst (Haffner-Krausz et al. 
1999). Postimplantation expression of Fgfr2 in the trophoblast lineage 
continues in the ExE through the late-streak stage (Ciruna and Rossant 
1999). The generation of two different Fg/r2 mutations led to embryonic 
lethality at different stages (Arman et al. 1998; Xu et al. 1998). The more 
severe Fgfr2 phenotype resulted in embryos that implanted randomly 
with respect to the mesometrial—antimesometrial axis of the uterus. These 
embryos died at 4.5—5.5 dpc. Since the trophectoderm mediates implan- 
tation, these observations suggested that the lethality of these mutants 
was due to trophoblast defects (Arman et al. 1999). Analysis of the other 
allele of Fgfr2 revealed that mutant embryos die at 10.0—-11.0 dpc due to 
placental failure. The lethal defects are characterized by failure in 
chorioallantoic fusion in about one-third of the mutant embryos, and oth- 
ers lack the labyrinthine portion of the placenta (Xu et al. 1998). Thus, 
Fgfr2 appears to be important also for later stages of placental develop- 
ment. Since different regions of the F'gfr2 locus were targeted, it is possi- 
ble that only one is a null and the other is a new allele. The early, severe 
phenotype could be the result of a dominant-negative allele that inhibited 
all FGF signaling or the later, less severe phenotype could be due to a 
hypomorphic allele that allowed partial FGFR2 signaling to occur. The 
discrepancy between these two phenotypes has yet to be resolved. 
However, genetic background cannot account for the differences, since 
both mutants were analyzed on a 129 background. 

Evidence for a critical role for FGF signaling in the proliferation and 
development of the trophectoderm was further demonstrated by the analy- 
sis of mouse embryos that express a dominant negative FGF receptor 
(dnFGFR) (Chai et al. 1998). In mosaic embryos, cell division ceased at 
the fifth cell division in all cells that expressed the mutant receptor, result- 
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ing in an overall lower number of cells in these mosaic blastocysts. 
Moreover, no mitotic trophoblast cells adjacent to the ICM were found to 
express dnFGFR, whereas expression of dnFGFR was detected in post- 
mitotic trophoblast cells farther away from the ICM. Thus, it seems that 
functional FGF signaling, probably via the FGF4 ligand and FGFR2 
receptor, is essential for trophoblast proliferation in vivo, and in culture, 
as discussed below. 


DERIVATION OF TROPHOBLAST STEM CELL LINES 


Several attempts have been made to culture trophoblast cells ex vivo. 
Invariably, the cultures differentiated into postmitotic giant cells, and con- 
sequently, cell lines were not established (Rossant and Tamura-Lis 1981). 
However, the recent evidence implicating FGF signaling in trophoblast 
proliferation and development warranted a renewed attempt at trophoblast 
cultures. Initially, the ExE of 6.5 dpc embryos was isolated and disaggre- 
gated into a near-single-cell suspension with trypsin. These ExE cells 
were plated in the presence of FGF4 and its required cofactor, heparin. In 
these conditions, the ExE cells eventually differentiated into giant cells, 
indicating that FGF4 alone was not sufficient to maintain trophoblast 
cells in a proliferative state. However, when the ExE cells were plated on 
a feeder layer of mouse embryonic fibroblasts (MEFs) in the same con- 
ditions, the ExE cells produced epithelial colonies that could be passaged 
without differentiation into giant cells (Tanaka et al. 1998). Upon removal 
of FGF4 or the MEFs, the epithelial cells ceased to divide and differenti- 
ated into giant cells (Fig. 2A,B). As described below, gene expression 
studies and chimeric analysis determined these cells to be of trophoblast 
origin, and they retained the capacity to contribute to all trophoblast cell 
types in vivo. Thus, they were termed trophoblast stem (TS) cells. First, 
the general properties of TS cells are described, including their derivation, 
maintenance in culture, differentiation, and their developmental potential 
in chimeras. This is followed by gene expression studies of TS cells in 
their proliferative state and as they differentiate. 

TS cell lines can be derived from several different stages of develop- 
ment. In addition to the ExE of 6.5 dpc embryos, TS cell lines have been 
derived from 3.5 dpc blastocysts and the chorionic ectoderm of 7.5 dpc 
embryos. However, TS cell lines could not be derived from the embryonic 
ectoderm or the EPC of 6.5 dpc embryos. This suggests that TS cells exist 
in vivo for at least a 4-day window within the trophoblast lineage. TS cell 
lines derived from different stages of development exhibited similar prop- 
erties in culture, and their gene expression profiles and developmental 
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Figure 2 TS cells grown in the presence (A) and absence (B) of FGF4 and MEF- 
conditioned medium (MEF-CM). The stem cells grow as tight epithelial sheets 
with distinctly defined borders. Differentiated giant cells are indicated (arrows). 
In the absence of FGF4 and MEF-CM the cells transform into giant cells with 
large nuclei and dark, perinuclear deposits. Bar, 50 um. (C) TS cell chimera at 
11.5 dpc generated by blastocyst injection of EGFP-TS cells. (D) Cellular aggre- 
gate between ES cells and EGFP-TS cells, where the ES cells are transgenic for 
cyan fluorescent protein (CFP) (cyan). 


potential were indistinguishable. The efficiency of TS cell derivation is 
very high, approaching 100% of explanted embryos. Furthermore, the 
ability to generate lines is not strain-dependent, as observed for ES cell 
line derivation, and male and female lines can be generated equally well. 
TS cell lines are dependent on both FGF4 and MEFs. If either com- 
ponent is removed, or if the cofactor for FGF4, heparin, is removed, the 
cultures differentiate into giant cells. However, FGF4 may be replaced 
with either FGF1 or FGF2 without loss of stem cell maintenance. This is 
not surprising, since FGF1 and FGF2 can activate the same receptors as 
FGF4 (Zimmer et al. 1993). More interestingly, the MEFs may be replaced 
with MEF-conditioned medium (MEF-CM) (Tanaka et al. 1998). This CM 
must be present at a critical concentration to be effective, suggesting that 
there is a soluble factor or factors in the MEF-CM required for TS cell 
maintenance (Fig. 2A,B). The identification of the critical MEF-CM com- 
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ponent(s) should shed more light on the requirements of trophoblast stem 
cells in vivo. The identity of the required factor in the MEF-CM has 
remained elusive. Several candidates, such as the ligands LIF, EGF, BMP2, 
and BMP7, have been unable to replace the MEF-CM in TS cell cultures. 
Even the nature of the stem-cell-promoting effect of the feeder cells is still 
unknown. Biochemical characterization of the MEF-CM, such as by pro- 
tease treatments and fractionations, is under way. 

As mentioned above, TS cells were observed to differentiate into cells 
that morphologically resembled trophoblast giant cells. Fluorescence- 
activated cell scan (FACS) analysis of propidium iodide-stained cells con- 
firmed that they were indeed increasing their DNA content, as do giant 
cells in vivo. These FACS studies also supported the microscopy obser- 
vations that TS cell lines are considerably heterogeneous. The FACS pro- 
files of TS cells grown in stem cell conditions indicated that ~10% of the 
cells exhibited an increased ploidy, which is indicative of differentiation. 
In an attempt to reduce the heterogeneity of the cultures, TS cells were 
FACS-sorted on the basis of DNA content using the vital dye, Hoechst 
33342. TS cells with a 2N DNA content were selectively FACS-sorted 
from higher ploidy cells and cultured. These 2N-sorted TS cells were con- 
siderably less heterogeneous in culture, and their FACS profiles con- 
firmed these observations. 

The most convincing results that speak to the true stem cell nature of 
TS cell lines were their specific and exclusive contributions to trophoblast 
lineages in chimera studies. When TS cell lines were injected into 3.5 dpc 
blastocysts, contributions were only observed in trophoblast lineages and 
never in embryonic lineages or extraembryonic tissues derived from 
mesodermal and endodermal lineages, such as the yolk sac (Tanaka et al. 
1998). Chimeras were analyzed from 6.5 dpc conceptuses through to term 
placenta. Contributions were observed in all trophoblast subtypes, but 
some preferences were observed. In early chimeras, TS cells were found 
to contribute most frequently to the ExE and less frequently to the EPC. 
Contributions to the giant cell layer were rare, and when they were 
observed, the clones were small. At later stages of development, TS cells 
contributed well to the labyrinth and the spongiotrophoblast, but to a less- 
er extent to the secondary giant cell layer. In fact, large clones in the tro- 
phoblast were observed right up to the edge of the placenta where the sec- 
ondary giant cells begin to form, but the TS cells rarely contributed to the 
secondary giant cell layer itself (Fig. 2C). These restrictions may reflect 
the mode of generation of chimeras via blastocyst injection, where much 
of the trophectoderm has already formed. If technical difficulties with 
aggregation of TS cells with morulae can be overcome, more extensive 
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colonization of the trophoblast can be expected. Another interesting 
observation was the coherent nature of most of the TS cell clones (Fig. 
2C). This was reminiscent of clones in the primitive endoderm lineage 
and in direct contrast to the very mosaic contributions observed in the 
embryo proper (Gardner and Cockroft 1998). 


GENE EXPRESSION STUDIES 


The genes expressed by TS cells cultured in stem cell conditions, and as 
they differentiate, closely resemble the gene expression profile of the tro- 
phoblast lineage in vivo (Table 1). The receptor, gfr2, and the transcrip- 
tion factors, Cdx2, mEomesodermin (mEomes), and Err2 are all 
expressed in early diploid trophoblast cells, the ExE (Beck et al. 1995; 
Luo et al. 1997; Arman et al. 1999; Ciruna and Rossant 1999). In agree- 
ment with these in vivo observations, these genes are strongly expressed 
in TS cells and are down-regulated as they differentiate. The secreted lig- 
and, BMP4, is expressed in the ExE of the early mouse conceptus 
(Lawson et al. 1999) and is expressed only in stem cells and not in dif- 
ferentiated TS cells (S. Tanaka, unpubl.). 

The basic helix-loop-helix (bHLH) transcription factor, Mash2, and 
the novel gene Tpbp (formerly 4311), are expressed in the EPC and spon- 
giotrophoblast (Lescisin et al. 1988; Guillemot et al. 1994). In TS cells, 
Mash2 and Tpbp were not expressed in stem cells, but were induced upon 
differentiation. A similar pattern was observed for the transcription fac- 
tor, Gcm1 (Basyuk et al. 1999; S. Tanaka, unpubl.). Placental lactogen-1 
(PL-1) is a hormone secreted by giant cells (Faria et al. 1991). Expression 
of this gene was only detected in differentiated TS cells. Hand1, a bHLH 
transcription factor, is also expressed in differentiated trophoblast lin- 
eages such as the EPC and the giant cells (Cross et al. 1995). However, 
Hand1 was highly expressed in both stem and differentiated TS cells, 
which was not in agreement with the pattern in vivo. 

Genes representative of other early embryo cell types were not detect- 
ed in TS cells. Oct4, a transcription factor expressed in the early embryon- 
ic ectoderm (Palmieri et al. 1994), was not detected in TS cells. Brachyury, 
a mesodermal marker (Wilkinson et al. 1990), and Hnf4, an endodermal 
marker (Duncan et al. 1994), were also not expressed in TS cells. 

With few exceptions, the gene expression profile of TS cells in cul- 
ture is largely representative of the trophoblast in vivo. ExE-specific 
genes are expressed in TS cells maintained in stem cell conditions, where- 
as EPC and giant-cell-specific genes are induced upon differentiation. 
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Table 1 Comparison of gene expression between TS cells and the trophoblast in 
vivo 


Gene Class Expression in TS cells | Expression in the 
(stem) (differentiated) trophoblast 
Fegfr2 receptor tyrosine kinase ot: - TE, ExE, ChE 
Cdx2 caudal-related ae - TE, ExE, ChE, 
homeobox Spong 
transcription factor 
mEomes T-box transcription factor + - TE, ExE, ChE 
Err2 orphan nuclear receptor + = ExE, ChE 
Bmp4 — TGFf ligand + = EXE, ChE 
Mash2  bHLH transcription factor - a EPC, Spong 
Gcm1 novel transcription factor - + ChE, Lab 
Tpbp novel - + EPC, Lab 
PL-1 lactogen - - TE, GC 


(TE), trophectoderm; (ExE) extraembryonic ectoderm; (ChE) chorionic ectoderm; (Spong) spon- 
giotrophoblast; (Lab) labyrinthine trophoblast; (GC) giant cell layer. 


NEW MODEL FOR TROPHOBLAST DEVELOPMENT 


With the derivation of FGF4-dependent TS cell lines and recent expres- 
sion and mutational data, an updated model of trophoblast development 
can be formulated. The most significant change from the former model is 
the identification of a major component of the embryo-derived signal 
required for the maintenance and proliferation of trophoblast stem cells in 
vivo. In addition, transcription factors thought to be critical for the tro- 
phoblast lineage have been added to the model (Fig. 3). It is proposed that 
the growth factor, FGF4, produced and secreted by the ICM (and later by 
the embryonic ectoderm), signals to the overlying trophoblast cells via an 
FGFR, of which FGFR2 is a good candidate, maintaining them in a 
diploid, proliferative state. As trophoblast cells are displaced distally from 
the embryo proper, they cease to receive the embryo-derived signals and 
begin to differentiate into other trophoblast subtypes, such as EPC cells 
and giant cells. It is not known whether the differentiated trophoblast sub- 
types are default states that are manifested after removal of stem-cell- 
maintaining signals or whether there are additional signals that promote 
differentiation. The ex vivo culture system of TS cells would suggest the 
former, but the mechanism in vivo is not likely to be that simple. 

The transcriptional regulation of F'gf4 has been well studied in cul- 
tured cells. The findings suggest that two transcription factors, Oct4 and 
Sox2 (an HMG-box transcription factor), synergistically activate Fgf4 
expression in the embryo proper (Yuan et al. 1995). The Oct4 null muta- 
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3.5 doo blastocyst Fors 


6.0 dpc embryo 
Figure 3 New model for trophoblast development. At the blastocyst stage, FGF4 
is proposed to signal from the ICM to the overlying trophoblast through an FGFR 
turning on or maintaining such genes as Cdx2 and mEomes in the TS cell pool. 
At postimplantation stages, a similar signaling pathway is likely occurring with 
additional critical transcription factors, such as Err2. 


tion resulted in embryos with significantly reduced levels of Fgf4 expres- 
sion (Nichols et al. 1998). The major putative receptor for FGF4 in the 
trophoblast is FGFR2. The expression data and mutant analysis make this 
receptor the best candidate to functionally receive the embryo-derived 
FGF4 signal. In fact, the more severe Fgfr2 mutant embryos exhibit a 
peri-implantation lethal phenotype. Interestingly, the embryos implanted 
randomly and not at the abembryonic pole, implying that the trophecto- 
derm of the blastocyst was equivalent and did not segregate into polar and 
mural regions (Arman et al. 1998). The Fgfr2 gene is differentially 
spliced to encode two receptors (IIIb and IIIc) that differ in their ligand 
specificity. Targeted mutation of the IIIb isoform resulted in a later phe- 
notype that differed from both of the two Fgfr2 mutations. The pups died 
at birth with major limb and lung abnormalities (De Moerlooze et al. 
2000). When Fefr2 mutant embryos had their placentas rescued by 
tetraploid aggregations, the embryonic phenotype was strikingly similar 
to the IIIb isoform mutation mentioned above (Arman et al. 1999). These 
results indicated that the IIIb isoform was critical for signaling in the 
embryo proper and that the IIIc isoform of Fg/fr2 is likely the functional 
receptor in the trophoblast. This would predict that a IIIc isoform-specif- 
ic mutation would phenocopy the complete null mutation. 

Among the transcription factors known to be expressed in TS cells, 
Cdx2 and mEomes are among the most interesting because they belong 
to gene families that are known to be regulated by FGF signaling in other 
vertebrates. Cdx2 is a member of the caudal-related subfamily of homeo- 
box genes. Since the discovery of the prototypic member, caudal, in 
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Drosophila melanogaster, numerous orthologs have been isolated from 
both invertebrates and vertebrates (He et al. 1997). Studies on Xcad3, a 
Xenopus caudal homolog, indicated that this gene was an immediate-early 
target of FGF signaling (Isaacs et al. 1998). Of the three caudal-related 
genes known to exist in the mouse (Cdx1, Cdx2, and Cdx4), only Cdx2 was 
found to be expressed in trophoblast tissues (Beck et al. 1995). It would be 
of interest to determine whether Cdx2 is a direct target of the FGF4-FGFR 
signal in the trophoblast. Interestingly, the Cdx2 null phenotype is similar, 
if not identical, to the severe Fgfr2 mutation (Chawengsaksophak et al. 
1997), suggesting a critical role for Cdx2 in the trophoblast and consistent 
with its being a putative target of FGF signaling. 

The T-box gene family, of which mEomes is a member, defines a large 
group of transcription factors with a conserved DNA-binding domain 
known as the T-box (Papaioannou and Silver 1998). The prototypic T-box 
gene, Brachyury (T), was shown to be an FGF immediate-early response 
gene in Xenopus (Smith et al. 1991). Studies in zebrafish also found two 
T-box genes, no tail (T homolog) and spadetail, to be regulated by FGF 
signaling (Griffin et al. 1995, 1998). However, it was not determined 
whether this regulation was direct or indirect. mEomes is first expressed 
in the trophectoderm of the 3.5 dpc blastocyst and is later restricted to the 
ExE of the early postimplantation embryo (Ciruna and Rossant 1999; 
Hancock et al. 1999). A targeted mutation of this gene resulted in embry- 
onic lethality shortly after implantation due to trophectoderm defects 
(Russ et al. 2000). This phenotype was similar to the Cdx2 null mutation 
and one of the Fgfr2 mutations, suggesting that FGF signaling may also 
regulate mEomes. 


FUTURE PERSPECTIVES 


The derivation and characterization of trophoblast stem cell lines has pro- 
vided a new cell culture system for studying trophoblast development and 
placentation in the mouse. The ability of TS cells to both differentiate in 
culture and contribute to trophoblast tissues in vivo is unique among tro- 
phoblast or placental cell lines studied to date. When TS cell lines are 
compared to other rodent trophoblast cell lines, several fundamental dif- 
ferences can be noted. The Rcho-1 cell line from a rat choriocarcinoma 
has the ability to differentiate directly into giant cells in vitro, which 
makes it a valuable system for studying giant cell differentiation and 
endoreduplication (Faria and Soares 1991). However, the starting popula- 
tion is tetraploid, and they do not differentiate into other trophoblast sub- 
types, such as labyrinthine or spongiotrophoblast cells, and their ability to 
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contribute to chimeras has not been reported. The SM cell lines (SM9-1, 
SM9-2, and SM-10) were derived from mouse mid- to late-gestation pla- 
centas (Sharma 1998). These cell lines exhibit differential invasiveness in 
culture, but their inability to differentiate restricts their usefulness as 
models for broad aspects of trophoblast development. 

Both ES and TS cell lines express genes that are highly representative 
of their tissues of origin, but several exceptions can be noted. TS and ES 
cells can differentiate into several cell types in culture, and both exclu- 
sively contribute to their respective lineages in chimeric conceptuses. TS 
and ES cells behave as classic stem cells in vitro with indefinite mainte- 
nance of a stem cell pool that generates different progeny. However, in 
vivo they both show a limited period of stem-cell-like activity. Their exis- 
tence in vivo is relatively short (3-4 days) in comparison to the length of 
gestation, and they are restricted to the earliest moments of development. 

Numerous interactions are thought to occur between the epiblast and 
trophoblast in vivo. With the availability of both TS and ES cells, these 
interactions may be studied ex vivo. Preliminary experiments have shown 
that TS and ES cells do interact to form coherent aggregates in suspension 
cultures (D. Strumpf et al., unpubl.). Interestingly, the cells most often 
segregate to form a structure where a group of ES cells is interacting with 
a group of TS cells at a planar surface, reminiscent of the situation in vivo 
(Fig. 2D). Phenomena such as primordial germ cell induction and meso- 
derm induction may be investigated in such TS-ES cell aggregates. 

The universality of the existence of TS cells in other mammalian 
species has yet to be determined. However, attempts to derive TS cell 
lines from other species are under way. It is encouraging to note that a 
porcine trophoblast cell line, TE1, has been derived that shares several 
morphological characteristics with mouse TS cell lines (Flechon et al. 
1995). This cell line is dependent on feeder cells, but a requirement for 
FGF signaling has not been established. 

Since the placenta is the most diverged organ among mammals, and 
there are considerable differences between human and mouse trophoblast 
development, the derivation of human TS cell lines would provide a sig- 
nificant model of the human placenta, which would not be redundant with 
mouse TS cell lines. Although blastocyst formation in the mouse and 
human appear quite similar, the events following implantation are quite 
different. The mouse polar trophectoderm exhibits rapid proliferation 
subsequent to implantation to give rise to the ExE, whereas many of the 
human trophectodermal cells undergo cell fusion to immediately form the 
multinucleated syncytiotrophoblast. There is a layer of diploid trophoblast 
cells between the syncytiotrophoblast and the epiblast, known as the 
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cytotrophoblast. If TS cells exist in human, they would most likely arise 
from the cytotrophoblast layer. However, rapid proliferation of the 
cytotrophoblast layer does not occur until the early villous stage, which is 
about 7 days after implantation (Benirschke and Kaufmann 1995). These 
observations suggest that TS cells may more likely be found in later 
stages of human placental development rather than in the blastocyst. 
Human TS cell lines could be of potential therapeutic use, such as in the 
production of clinically useful hormones or cell-based therapies for 
patients with placental insufficiencies. 
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Blood cells are continuously produced throughout our lifetime from rare 
pluripotent bone marrow stem cells, called hematopoietic stem cells 
(HSCs). HSCs are endowed with two characteristics: They give rise to 
additional HSCs through self-renewal and also undergo differentiation to 
progenitor cells that become variously committed to different hematopoi- 
etic lineages (Weissman 2000). Operationally, HSCs are best described as 
those cells capable of reconstituting the hematopoietic system of a recip- 
ient individual. Indeed, this defining in vivo property forms the basis of 
bone marrow transplantation, which was first developed as a lifesaving 
clinical procedure nearly a half century ago. 

Despite the recognition decades ago that HSCs exist, many questions 
regarding their origins, regulation, and developmental potential remain 
unresolved. These include (1) How are HSCs formed during develop- 
ment? (2) How do they choose between a resting state and self-renew- 
al/differentiation? (3) How is the remarkable diversity of blood cells (red 
cells, white cells [neutrophils and monocytes/macrophages], T- and B- 
lymphocytes, megakaryocytes, mast cells, eosinophils) established at the 
molecular level? (4) How can our prior views and understanding of HSCs 
be reconciled with recent findings of unsuspected plasticity of HSCs and 
other somatic cells? 


DEFINITIONS AND MARKERS OF HSCS 


Characterization of HSCs by their function, that is, by their capacity to 
sustain long-term multilineage hematopoiesis in a recipient individual, 
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has provided an assay system for cell populations separated by cell-sur- 
face markers defined by monoclonal antibodies to surface molecules. In 
general, the bone marrow of adult animals, most often mice, has been used 
as the source of potential HSCs. In the mouse, cells of the c-kit", sca-1*, 
thy-1'°, lineage-negative phenotype are able to reconstitute recipients at 
limiting dilution (Weissman 2000). Extrusion of dyes such as Hoechst 
33324 and Rhodamine 123 has also been successfully used to identify 
populations greatly enriched in HSCs. A preoccupation in the field has 
been phenotypic description of the HSC. This goal has provided lively 
discussion among investigators, because it appears that there are subsets 
of HSCs. For example, the surface marker CD34 was initially believed to 
be present on all HSCs. More recent evidence points to the existence of 
rare CD34 HSCs (Osawa et al. 1996). Indeed, the CD34" state may 
reflect activation of HSCs (Sato et al. 1999). Moreover, separation of cells 
on the basis of Hoechst fluorescence at two emission wavelengths allows 
the identification of both replicating and quiescent HSCs (Goodell et al. 
1996). The apparent diversity of HSCs and the failure of in vitro biologi- 
cal assays (at least to date) to define HSCs hamper direct molecular char- 
acterization of HSCs. Furthermore, study of the parameters controlling 
activation of HSCs from a resting state and symmetric versus asymmetric 
divisions has also been impeded. Techniques to expand HSCs in vitro or 
to immortalize HSCs while retaining their multipotential properties are 
needed both for improved biological characterization and for clinical 
application. 

A simplified scheme of blood cell development from the HSC to 
mature lineages is depicted in Figure 1 (for details, see Akashi et al. 
2000). 


ORIGIN(S) OF HSCs 


The hematopoietic system is an embryologic derivative of mesoderm. In 
vertebrates, hematopoiesis takes place at successive anatomic sites. 
Embryonic (or primitive) hematopoiesis occurs in the blood islands of the 
yolk sac (YS) (~E7.5-11 in the mouse). Definitive (or adult) 
hematopoiesis is transient in the fetal liver (FL) (~E11—16 in the mouse) 
but later sustained throughout life in the bone marrow (BM). This tempo- 
ral pattern is consistent with a simple model in which HSCs arise first, 
and perhaps uniquely, in the YS and then seed the FL and later the BM 
through the circulation. Indeed, experiments more than 30 years ago were 
described in support of this sequence (Moore and Metcalf 1970). 
Chick—quail chimera experiments suggested an alternative scenario, as an 
independent site of hematopoietic cell generation was identified within 
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Figure 1 Schematic view of hematopoiesis. The hierarchy of blood cell develop- 
ment is depicted from hematopoietic stem cells (HSC) to the mature circulating 
blood cells shown to the right. Proposed common progenitors, defined by sepa- 
ration of populations and bioassays, are indicated as CLP (common lymphoid 
progenitor), CMP (common myeloid progenitor), pro-T (T-lymphoid progenitor), 
pro-B (B-cell progenitor), GMP (granulocyte/macrophage progenitor), and MEP 
(megakaryocyte/erythroid progenitor) (for details, see Akashi et al. 2000). 


the embryo proper in the para-aortic splanchnopleura/aorta, gonad, 
mesonephros region (commonly called the AGM). AGM precursors of 
hematopoietic cells are present prior to the onset of circulation (Cumano 
et al. 2000). In contrast to the YS-derived progenitors, they provide mul- 
tilineage differentiation upon transplantation into irradiated adult recipi- 
ents. Analogous AGM-derived hematopoietic progenitors have been iden- 
tified in the mouse (Medvinsky and Dzierzak 1996). These findings 
implicate the AGM as a region in which HSCs are born, and argue against 
a contribution of YS-derived progenitors to the adult hematopoietic sys- 
tem. This latter view has been challenged, however, by other experiments 
in which YS-derived progenitors are transplanted into newborn rather 
than adult recipients (Yoder et al. 1997). In this setting, definitive HSCs 
are observed in the YS, in fact in greater numbers than in the AGM region 
(at E9) (Yoder and Hiatt 1999). As investigators continue to debate the 
relative contribution of YS and AGM regions to adult hematopoiesis, a 
working model posits that multiple, probably independent, origins of 
HSCs exist in development. The milieu into which HSCs are introduced 
(e.g., newborn or adult) influences how they are scored by in vivo assays. 
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A common, emerging theme in the complex origin of HSCs is an inti- 
mate relationship between hematopoietic and vascular development. In 
the vertebrate YS the first blood cells, embryonic red blood cells, arise in 
close apposition to the endothelial cells of the blood islands. This prox- 
imity and the temporal development of the blood and vascular lineages 
suggested the existence of a common precursor, the hemangioblast 
(Pardanaud et al. 1989). Recent findings, as reviewed in Chapter 15, pro- 
vide experimental support for this hypothesis in the mouse (Choi et al. 
1998). Within the embryo proper as well, there is compelling evidence for 
a close interrelationship between the hematopoietic and vascular pro- 
grams. Indeed, in this setting, data are more compatible with the emer- 
gence of definitive hematopoietic progenitors (presumably HSCs) from a 
subset of the vascular compartment (dubbed hemogenic endothelium). 
First, in chick—quail chimera experiments, two subsets of mesoderm have 
been defined: a dorsal one (the somite) that produces pure angioblasts 
(angioblastic potential) and a second, ventral one (the splanchnopleural 
mesoderm) that generates cells with dual endothelial and hematopoetic 
potentials (Pardanaud and Dieterlen-Lievre 1999). In agreement with 
these findings, CD34* hematopoietic cells have been observed in the 
floor of the aorta in the developing mouse and human (Tavian et al. 1996; 
Delassus et al. 1999). In addition, putative definitive hematopoietic cells 
(CD34") are seen in the proximal umbilical and vitelline arteries, two 
potential sites of HSC emergence. In accord with this, intra-aortic, 
vitelline, and umbilical hematopoietic clusters are visualized in mice har- 
boring a lacZ knock-in of the Cbfa2 (AML1) gene, which is essential for 
formation of definitive hematopoietic cells (see below) (North et al. 
1999). 

In vitro studies also argue for a role for endothelial cells in the origin 
of hematopoietic cells. For example, sorting of endothelial cells of E9.5 
YS and embryos for a VE-cadherin*, CD34", flk-1"(a receptor for vascu- 
lar endothelial growth factor [VEGF]), CD31*, CD45", Ter 119” pheno- 
type yields a population able to generate blood cells of all lineages, 
including lymphocytes (Nishikawa et al. 1998). An unresolved question is 
the relationship of these “hemogenic” endothelial cells to presumptive 
hemangioblasts. 


REGULATORY GENES REQUIRED FOR FORMATION 
OR MAINTENANCE OF STEM CELLS 


Although the anatomic origins of HSCs are not fully resolved, several 
transcription factors have been demonstrated to be required for either the 
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generation or maintenance/proliferation of HSCs. As with other tran- 
scriptional components, their in vivo requirements have been revealed 
through gene targeting of ES cells in mice. Two factors, SCL/tal-1 and 
Lmo2, are essential for the generation of any hematopoietic cells, either 
at the YS stage or later in development (Porcher et al. 1996; Robb et al. 
1996; Yamada et al. 1998). Thus, these factors are necessary for all 
aspects of primitive and definitive hematopoesis. Moreover, both are 
required for proper vascular development in the YS, consistent with their 
expression in the hemangioblast (Visvader et al. 1998; Yamada et al. 
2000). Remarkably, each factor was first identified through chromosomal 
translocations in acute T-cell leukemia (T-ALL). Indeed, the SCL/tal-1 
gene, which encodes a member of the basic helix-loop-helix (bHLH) 
family, is activated by an upstream deletion or translocation in perhaps 
25% of T-ALL, and SCL/tal-1 and Lmo2 expression is more frequently 
seen in this entity, even without evident chromosomal alterations (Begley 
and Green 1999). Lmo2 protein, a LIM-only polypeptide, is specifically 
associated with SCL/tal-1 as well as a novel LIM-interacting polypeptide, 
Ldb1. Moreover, a multiprotein complex containing SCL/tal-1, Lmo2, 
Ldb1, the ubiquitous bHLH heterodimerization partner E12/47, and 
GATA-1 (see below) has been observed in erythroid and progenitor cells 
(Wadman et al. 1997). Whereas SCL/tal-1 (as a heterodimer with E12/47) 
binds to consensus E-box DNA target sites, Lmo2 does not recognize 
DNA by itself, but rather appears to provide a bridging function in tran- 
scription. 

Precisely how SCL/tal-1 and Lmo2 function to promote hematopoi- 
etic development is as yet unresolved. The simplest interpretation of 
available data suggests that these factors are required for the specification 
of the hematopoietic fate from mesoderm. Expression of SCL/tal-1, 
Lmo2, and GATA-1 together in Xenopus embryos leads to hematopoietic 
specification in areas of the embryo that would normally exhibit other 
fates (Mead et al. 1998). In addition, injection of SCL/tal-1 RNA into 
wild-type zebrafish appears to promote both vascular and hematopoietic 
development, largely by expanding the hemangioblast population (Gering 
et al. 1998). Overexpression of SCL/tal-1 cDNA in zebrafish cloche 
mutant embryos also complements defects in blood and vessel develop- 
ment (Liao et al. 1998). 

The genes acted upon by SCL-1/tal-1 and Lmo2 that act in transcrip- 
tion to specify hematopoiesis are largely unknown. One possible tran- 
scriptional target gene for SCL/tal-1 is that for the membrane tyrosine 
kinase c-kit, the receptor for stem cell factor (SCE c-kit ligand), a growth 
factor for multipotential and mast cells. Defining the roles of SCL/tal-1 in 
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transcription, however, is complicated by recent findings pointing to major 
DNA-binding-independent functions in development (Porcher et al. 1999). 
For example, formation of primitive erythroid cells and definitive 
hematopoietic progenitors takes place without site-specific DNA binding 
by SCL/tal-1 but requires an intact HLH domain that directs heterodimer- 
ization. By inference, therefore, protein-protein interactions of SCL/tal-1, 
presumably with Lmo2 in this context, are pivotal for HSC generation. 

The formation of definitive hematopoietic cells (and HSCs), but not 
YS erythroid cells, requires AML1 (also known as Cbfa2), a transcription 
factor related to Drosophila runt (Okuda et al. 1996; Wang et al. 1996). 
As opposed to SCL/tal-1 and Lmo2, which are transcriptionally activated 
by chromosomal rearrangements, AML] is expressed as a fusion protein 
with a variety of partners in diverse translocations in leukemia. In many 
of these instances, it is believed that the resultant fusion protein functions 
as a dominant-negative inhibitor of AML1 function (Okuda et al. 1998). 
In the absence of AML1, mouse embryos die at mid-gestation without 
any definitive hematopoietic cells (Okuda et al. 1996; Wang et al. 1996). 
No progenitors can be scored in colony assays, and homozygous mutants 
of a lacZ knock-in at the locus fail to generate hematopoietic clusters at 
sites of definitive hematopoietic cell formation, such as the floor of the 
aorta, and the vitelline and umbilical arteries (North et al. 1999). Again, 
the specific target genes regulated by AML] that are required for HSC 
formation are unknown. From studies in myeloid cells, it has been 
demonstrated that growth factor receptors such as granulocyte colony- 
stimulating factor (G-CSF) may be controlled by AMLI in association 
with other myeloid-restricted transcriptional regulators (Zhang et al. 
1996). 

Production of a normal number of HSCs appears to depend on the 
expression of yet another transcription factor, GATA-2, a member of the 
GATA family (see below) (Tsai et al. 1994). GATA-2 is highly expressed 
in immature progenitors and then down-regulated in many, but not all, 
hematopoietic lineages. Forced expression of GATA-2 inhibits transition 
from a multipotential progenitor to a committed erythroid precursor 
(Briegel et al. 1993). Loss of GATA-2 function in mice is embryonic- 
lethal due to marked anemia (Tsai et al. 1994). Although the numbers of 
YS progenitors are modestly reduced in GATA-2 embryos, definitive 
progenitors are ~100-fold less than wild type. The precise level at which 
GATA-2 is required is uncertain. During mouse, zebrafish, and Xenopus 
development, GATA-2 expression parallels that of SCL/tal-1 and Lmo2 in 
regions fated for hematopoiesis (Detrich et al. 1995). It is conceivable, 
therefore, that GATA-2 functions within transcriptional complexes, per- 
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haps including SCL/tal-1 and Lmo2 (Vyas et al. 1999), involved in estab- 
lishing the hematopoietic program. Alternatively, GATA-2 may be 
required somewhat later in the pathway, perhaps to sustain the viability or 
proliferative capacity of immature progenitors. The presence of HSCs, 
albeit at a greatly reduced number in the absence of GATA-2, is consis- 
tent with this latter view. 

A pivotal decision for HSCs is whether to remain in a resting G, state 
or to commit to self-renewal or production of progenitors. Relatively little 
is known regarding the regulation of such choices. Recent evidence, how- 
ever, Suggests that the cyclin-dependent kinase inhibitor, p21 (cip1/waf1), 
may be required to maintain HSC quiescence (Cheng et al. 2000). In p21” 
mice, HSC proliferation and their absolute numbers were increased under 
normal homeostatic conditions. However, these HSCs were more suscep- 
tible to cell-cycle-specific myelotoxic injury. Increased cell cycling also 
was observed to lead to stem cell exhaustion. Thus, p21 may constitute a 
molecular switch controlling the entry of HSC into cycle. 


DIFFERENTIATION AND DIVERSIFICATION OF STEM CELLS 


Although our understanding of how HSCs are induced to form is rudi- 
mentary, considerably more is known regarding the intrinsic cellular 
machinery for selection of lineage from a multipotential hematopoietic 
cell and subsequent differentiation. The growth and differentiation of 
hematopoietic cells are sustained by growth factors, cytokines that may 
act on cells of many lineages (e.g., SCF) or principally on a single one 
(e.g., erythropoietin). A consensus view, not held uniformly (Metcalf 
1998), is that signaling pathways activated through the receptor for these 
growth factors foster viability and are permissive for proliferation, but are 
not determinative with respect to lineage choice (Goldsmith et al. 1998; 
Socolovsky et al. 1998; Stoffel et al. 1999). That is, critical decisions of 
lineage are executed by nuclear regulatory factors, acting to establish tran- 
scriptional programs characteristic of each precursor and lineage. Rather 
than attempting to provide a comprehensive summary of hematopoietic 
transcriptional factors, here I illustrate some underlying principles that 
derive from recent studies. 


DOMINANT LINEAGE SELECTION OR REPROGRAMMING 


The sine qua non for a “master” regulator is its potential to alter the dif- 
ferentiation phenotype of a cell into which it is introduced. For ex vivo 
assessment of function, investigators rely on available cell lines that are 
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not irreversibly “frozen” in a given state. In practice, the cell lines suit- 
able for these experiments are limited. Thus, we may underestimate at this 
time the extent to which some transcription factors are competent to pro- 
gram differentiation of specific lineages. Nonetheless, several clear-cut 
examples of lineage reprogramming have been reported and serve to 
illustrate common principles. 

The zinc-finger protein GATA-1 is normally expressed at a low level 
in multipotential progenitors and at higher levels in erythroid precursors, 
megakaryocytes, mast cells, and eosinophils (Orkin 1992). Knock-out 
studies in mice demonstrate that GATA-1 is essential for the maturation 
of both erythroid and megakaryocyte precursors, but not for their initial 
generation (Weiss et al. 1994; Fujiwara et al. 1996; Shivadasani et al. 
1997). It is hypothesized that the related GATA factor GATA-2 shares 
functions with GATA-1 and, in effect, substitutes for GATA-1 in lineage 
commitment. This view is consistent with forced expression experiments 
in two different systems. For example, expression of GATA-1 (or GATA- 
2 or GATA-3) in a myeloid cell 416B of mouse origin leads to the acqui- 
sition of megakaryocytic markers (Visvader and Adams 1993; Visvader et 
al. 1995). Similarly, introduction of GATA-1 into chicken progenitors 
transformed with a myb-ets retrovirus reprograms cells to three different 
fates—erythroid, eosinophil, and megakaryocytic (Kulessa et al. 1995). 
The level at which GATA-1 is expressed appears to determine the specif- 
ic lineage that arises. In both systems, lineage reprogramming is accom- 
panied by down-regulation of the myeloid markers of the host cells. Thus, 
in addition to activating a megakaryocytic/eosinophilic/erythroid pro- 
gram, GATA-1 acts to turn off the program of a “contralateral” lineage in 
which it is not normally expressed. Lineage antagonism, established 
through critical hematopoietic transcription factors, is emerging as a 
newly recognized and consistent theme (see below). 

Another major hematopoietic transcription factor, PU.1, an ets protein, 
is able to induce myeloid lineage commitment in multipotential chicken 
progenitors, and in conjunction with GATA-1 and the basic-zipper protein 
C/EBP, promotes formation of eosinophils (Nerlov and Graf 1998; Nerlov 
et al. 1998). Again, concomitant with up-regulation of myeloid or 
eosinophil markers, down-regulation of multipotential markers is observed. 
In the absence of PU.1 in the mouse, myeloid and lymphoid development is 
perturbed (Scott et al. 1994, 1997; McKercher et al. 1996). In this setting, 
however, immature PU.1~ progenitors are formed but are unable to prolif- 
erate or differentiate (DeKoter et al. 1998). Thus, as with GATA-1, gain-of- 
function experiments establish functions in lineage selection, whereas loss 
of function in vivo does not entirely ablate lineage commitment. This dif- 
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ference most likely rests on compensatory mechanisms available in vivo 
that are not operative in simpler, test cellular systems. 


COMBINATORIAL POSITIVE ACTIONS OF HEMATOPOIETIC 
TRANSCRIPTION FACTORS 


Whereas early views of mammalian differentiation highlighted the domi- 
nance of single “master” regulators, such as the bHLH factor myoD in 
myogenesis (Weintraub et al. 1991), a more sophisticated appreciation has 
emerged in recent years. Rather than acting in “isolation,” key regulatory 
factors function within a cellular context. In experimental systems the 
outcome observed depends considerably on the character of the cells in 
which dominant regulators are expressed. Clear examples of this princi- 
ple are apparent from studies of hematopoietic regulators. 

In probing the mechanisms by which GATA-1 participates in tran- 
scription in the context of a GATA-1-negative erythroid precursor cell 
line (Weiss et al. 1997), it became apparent that the transcriptional action 
of GATA-1 might depend on a cell-restricted cofactor. The hypothetical 
cofactor was isolated by a yeast two-hybrid screen and dubbed “FOG” for 
Friend of GATA-1 (Tsang et al. 1997). Indeed, physical interaction of 
FOG, a multitype zinc-finger protein, with the N finger of GATA-1 is 
essential for the completion of both erythroid and megakaryocytic differ- 
entiation (Tsang et al. 1998; Crispino et al. 1999). Mutations of the N fin- 
ger of GATA-1 that specifically disrupt interaction with FOG, but retain 
the DNA-binding contribution of the finger, lead to impaired erythro- 
poiesis and platelet formation and function, both in test systems in culture 
and in human patients (Crispino et al. 1999; Nichols et al. 2000). 
Similarly, myeloid development relies on the combined presence and 
action of PU.1 and C/EBP, and eosinophil formation on C/EBP and 
GATA-1. Although direct experimental verification is not available, one 
may extrapolate these concepts to suggest that T-lymphoid cells might be 
GATA-3"*, Ikaros factor’, PU.1-, GATA-l-, whereas B cells are PU.1", 
GATA-3, GATA-1°, Pax-5". By extension, each lineage can be defined 
by its transcription factor “haplotype” (Akashi et al. 2000), just as cell- 
surface phenotypes have traditionally been used in immunology. 


SUPPRESSION OF OTHER LINEAGES AS A MECHANISM 
OF LINEAGE SELECTION 


Whereas lineage choice has traditionally been viewed as strictly a positive 
event, the concomitant down-regulation of markers of one or multiple lin- 
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eages upon activation of a program, such as that described above for 
GATA-1 (Visvader et al. 1992; Kulessa et al. 1995), suggests that the 
manner in which multipotential cells choose a differentiation pathway 
may be more complex than heretofore imagined. Indeed, experiments that 
define the role of Pax-5 in B-lymphoid development illustrate how cen- 
tral suppression of alternative fates may be in lineage selection (Nutt et 
al. 1998, 1999). Prior experiments had shown that Pax-5 is essential for 
B-cell development (Urbanek et al. 1994). More recently, it has become 
evident that pro-B cells lacking Pax-5 are not restricted in their lineage 
fate (Nutt et al. 1999). Under stimulation with suitable cytokines, these 
pro-B cells are able to differentiate into macrophages, osteoclasts, den- 
dritic cells, granulocytes, and natural killer cells. Remarkably, Pax-5 ~~ 
progenitors reconstitute the T-lymphoid system upon introduction into 
host mice (Rolink et al. 1999). Thus, commitment to B-cell development 
through Pax-5 involves suppression of alternative lineages. Investing 
complementary actions (activation and suppression) in individual tran- 
scription factors provides a parsimonious means of coordinating develop- 
mental decisions, particularly where multiple potential fates are available. 


ANTAGONISM OF KEY HEMATOPOIETIC FACTORS 
AND REINFORCEMENT OF LINEAGE CHOICES 


Mechanisms mediating antagonism between lineages are becoming clari- 
fied. Recent findings suggest that cross-regulation between lineage- 
restricted transcription factors is exerted at the level of protein—protein 
interaction as well as in transcription. GATA-1 and PU.1 serve as the dom- 
inant factors for erythroid/megakaryocytic and myeloid development, 
respectively. Expression of PU.1 in erythroid precursors arrests differenti- 
ation and leads to erythroleukemia (Moreau-Gachelin et al. 1990, 1996). 
Indeed, GATA-1 and PU.1 proteins interact. Association of the amino ter- 
minus and ets-domain of PU.1 with the C-finger of GATA-1 (or other 
GATA factors) blocks DNA binding by GATA-1 (Rekhtman et al. 1999; 
Zhang et al. 2000). Although DNA binding by PU.1 remains unaffected, 
trans-activation by PU.1 is impaired upon interaction with GATA-1, possi- 
bly due to displacement of a transcriptional cofactor, proposed to be c-jun 
(Zhang et al. 1999; Nerlov et al. 2000). Thus, cross-interactions between 
these factors serve to favor one lineage (erythroid/megakaryocytic or 
myeloid) at the expense of the “contralateral” option. Unknown mecha- 
nisms, either direct or indirect, then serve to down-regulate transcription 
of GATA-1 in myeloid lineages and PU.1 in erythroid/megakaryocytic 
cells. 
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Another example of cross-regulation in lineage choice is provided by 
recent observations of the roles of C/EBP and FOG in eosinophil selec- 
tion (Querfurth et al. 2000). Chicken eosinophils generated in the myb-ets 
system by GATA-1 and C/EBP do not express appreciable FOG. 
Expression of FOG in these cells leads to down-regulation of eosinophil 
markers and acquisition of multipotential cell markers. Expression of a 
regulated C/EBP transgene in multipotential cells leads to rapid tran- 
scriptional shutoff of FOG, which acts in this setting as a repressor of the 
action of GATA-1 at transcriptional targets, such as the gene Eos47. 
Therefore, induction of eosinophil-specific genes is proposed to require 
repression of FOG expression, and consequently, relief of FOG repres- 
sion of GATA-1. In the presence of enforced FOG expression, multipo- 
tential cells fail to differentiate into eosinophils. Differentiation reflects a 
“collapse” of the multipotential state, a finding reminiscent of that seen 
in the absence of Pax-5. 

Antagonism established through cross-regulation of critical factors 
serves not only to execute a lineage choice, but also to reinforce this deci- 
sion. Although irreversible differentiation might result, the option of 
reversing these regulatory loops remains, as long as chromatin events do 
not silence transcription of these factors. 

Combined positive and negative regulatory influences on lineage 
choice are summarized in general terms in Figure 2. 


CONCENTRATION-DEPENDENT ACTIONS OF HEMATOPOIETIC 
TRANSCRIPTION FACTORS 


In reprogramming of chicken progenitors to eosinophil, erythroid, and 
thromboblast lineages by GATA-1, Kulessa and colleagues (1995) 
observed that the level at which GATA-1 was expressed correlated with the 
lineage outcome. Intermediate levels were observed in eosinophils and 
erythroid cells, and high levels in thromboblasts. Of interest, levels of 
expression differed by only a few fold between lineages. Although these 
findings might be explained by titration of DNA targets at different GATA- 
1 concentrations, it seems more likely that assembly (or disassembly) of 
protein complexes is influenced by subtle concentration changes, particu- 
larly given the nature of generally weaker protein—protein interactions. 
Reducing the expression of GATA-1 in vivo by approximately threefold 
due to a targeted mutation of cis-regulatory elements results in markedly 
impaired erythroid cell maturation (McDevitt et al. 1997). Thus, high con- 
centrations of GATA-1 protein are needed to drive cell maturation. 
Concentration-dependent influences of PU.1 on differentiation have 
recently been noted (DeKoter and Singh 2000). In particular, reintroduc- 
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Figure 2 Positive and antagonistic regulatory interactions. A model of the sim- 
plest lineage choice is depicted here. A multipotential progenitor (MP) is able to 
generate two lineages, A and B (all shown in circles). Transcription factor A is 
expressed specifically within precursors of lineage A and is required for their 
maturation; conversely, factor B is required for lineage B. The factors are shown 
above and below to feed back in positive fashion to regulate their own respective 
transcription, whereas factor A represses transcription of the factor B gene, and 
B represses transcription of the A gene. Moreover, as shown in the center, factors 
A and B interfere with each other’s function through direct protein—protein inter- 
actions. According to this model, a choice between fates A and B is reinforced by 
antagonism exerted both at the protein-protein and transcriptional levels. 


tion of PU.1 into PU.1~ progenitors rescues both macrophage and B-cell 
differentiation. However, high-level expression favors macrophage devel- 
opment and blocks B-cell development. It is hypothesized that PU.1 in 
this instance may antagonize the action of Pax-5 via protein interactions. 


COEXPRESSION OF LINEAGE FACTORS IN 
MULTIPOTENTIAL PROGENITORS 


Among the lineage-restricted transcription factors, the majority are 
expressed, at least at low level, in hematopoietic progenitors that have yet 
to choose a lineage (Jimenez et al. 1992). After lineage commitment, 
markers of other lineages are extinguished. Furthermore, additional 
markers of specific lineages, such as DNase I hypersensitivity of 
immunoglobulin loci, are present in multipotential cells but absent in 
selected lineages (erythroid, myeloid). Multilineage gene expression has 
also been documented at the single-cell level by PCR (Hu et al. 1997). 
These findings have led to the hypothesis that multipotential progenitors 


Hematopoietic Stem Cells 301 


are “testing” various options or poised in a molecular sense to pursue any 
one of multiple paths. This notion of multipotential cell plasticity is read- 
ily reconciled with findings reviewed above regarding cross-regulatory 
interactions of transcription factors and the assembly of complexes that 
may be highly dependent on protein concentrations (if not modifications). 
We envision that immature progenitors may express regulatory factors 
generally ascribed to specific lineages, perhaps at low level, in bursts, or 
in a cell-cycle-dependent fashion. Lineage commitment is then associat- 
ed with increased expression (or activity) of such factors, coupled with 
antagonistic mechanisms that serve to reinforce an initial, and rather ten- 
tative, decision. 


UNEXPECTED PLASTICITY OF HSCs AND STEM CELLS 
FOR OTHER TISSUES 


Cell biologic and molecular findings have provided a working conceptu- 
al framework in which to consider the events from HSC to individual 
hematopoietic lineages. Recent evidence, however, suggests unprecedent- 
ed plasticity of HSCs. For example, populations of presumptive muscle 
stem cells (satellite cells) contribute to hematopoiesis upon transplanta- 
tion into mice (Gussoni et al. 1999; Jackson et al. 1999). Conversely, puri- 
fied HSC populations contribute to muscle (Gussoni et al. 1999). Prior 
evidence also suggested that peripheral blood contains CD34", presump- 
tive endothelial progenitors, whose relationship to traditional CD34* 
hematopoietic progenitors is unknown (Asahara et al. 1997). The most 
extreme example of stem cell plasticity thus far described is the genera- 
tion of hematopoietic cells in the mouse from cultured clonal neural stem 
cells (Bjornson et al. 1999). Although it has yet to be proven formally in 
these instances that isolated single cells are endowed with inherent plas- 
ticity of the magnitude revealed in these recent studies, it is highly unlike- 
ly that low-level contamination of one population with another can 
account for the results. Rather, it seems that cells are reeducated in some 
unknown manner by the local microenvironment to adopt new fates, or 
dedifferentiate into multipotent somatic cells that then redifferentiate 
along a new path. Although the signals mediating these phenomena are 
unknown, the suggestion that cell culture conditions may prime muscle 
stem cells for hematopoietic contribution in vivo (Jackson et al. 1999) 
hints at experimental approaches to dissecting the relevant components. 
Determining the environment cues responsible for stem cell plasticity and 
relating these to the control of critical transcription factors are challenges 
for the future. 
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B lymphocytes, T lymphocytes, and natural killer (NK) cells (cells of the 
lymphoid lineages) and erythrocytes, megakaryocytes, platelets, granulo- 
cytes, monocytes, macrophages, osteoclasts, and dendritic cells (cells of the 
erythroid/myeloid lineages) are all descendants of a pluripotent hematopoi- 
etic stem cell (pHSC) (for recent reviews, see Fuchs and Segre 2000 and 
Weissman 2000). In fact, transplantation of a single pHSC can reconstitute 
a lethally irradiated host with all these lineages of cells. The differentiated 
cells of the erythroid/myeloid and lymphoid lineages, with the exception of 
memory B and T cells, turn over rapidly, with half-lives between days and 
weeks. Therefore, in order to maintain the pools of hematopoietic cells in an 
individual, these cells have to be continuously generated throughout life by 
cell division and differentiation from stem cells. 

The cells of the adaptive immune system, B and T lymphocytes, 
rearrange V, D, and J segments during their development to form func- 
tional IgH and L-chain genes in B cells, and TCR a, B, y, and 5 genes in 
T cells (Tonegawa 1983). Through positive and negative selection of the 
original antigen-recognizing repertoires in the primary lymphoid organs, 
for B cells in the bone marrow, for T cells in the thymus, the repertoires 
are shaped by selective processes. The selected repertoires of lympho- 
cytes become available for recognition of foreign antigens in the sec- 
ondary lymphoid organs of the peripheral immune system. These 
processes of repertoire selection must continue to operate throughout life, 
as lymphocytes continue to be generated from pHSC and from progeni- 
tors through continuous V(D)J rearrangements of, respectively, the Ig and 
TCR gene loci, and by cellular differentiation. 
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Hematopoietic stem cells can be defined by at least four properties: 
Self-renewal, multipotency, long-term reconstitution capacity, and sec- 
ondary transplantability. These properties are discussed below. 


SELF-RENEWAL 


Upon division of a stem cell, at least one daughter cell retains the state of 
this stem cell. This capacity is called self-renewal. Symmetric divisions 
expand the number of HSCs, whereas asymmetric divisions retain HSC 
potential in one daughter cell, generating further differentiated progeny in 
the other daughter cell. Divisions that generate two differentiated proge- 
ny daughter cells delete the HSC potential. At different times of ontoge- 
ny and in different environments, the probability of an HSC dividing 
either symmetrically, asymmetrically, or fully differentiating may well 
vary (for further discussion, see Morrison et al. 1997). It has been a mat- 
ter of much debate whether the environment, recognized by the HSC 
through cell contacts and via cytokines and chemokines and their recep- 
tors, does influence the type of division and the potential of differentia- 
tion of the HSC (Metcalf 1991; Mayani et al. 1993; Fuchs and Segre 
2000; Weissman 2000). 

Clonal succession models (Kay 1965) have proposed that HSCs, once 
generated during embryogenesis, remain resting cells throughout life 
until they are called upon to enter hematopoiesis. When the progeny of 
the original HSC has been used up by turnover, a new HSC from the 
remaining pool is recruited (Lemischka et al. 1986). This model predicts 
that HSC potential is limited and can be used up by complete recruitment. 
On the other hand, models of random symmetric HSC division have been 
proposed that would not only provide HSCs, but also preserve them. In 
these models, HSCs could never be completely used up by recruitment 
into hematopoietic differentiation. In favor of this type of model, it has 
been observed that 10% of all HSCs divide symmetrically every day, so 
that within 1-3 months, all HSCs are called into the cell cycle at least 
once (Bradford et al. 1997; Cheshier et al. 1999). However, within the 
total population of HSCs, only the resting cells provide long-term repop- 
ulation potential (see below) (Spangrude and Johnson 1990; Fleming et 
al. 1993). Therefore, the cycling HSCs could be those that are about to be 
used up for hematopoietic differentiation. In any case, bone marrow 
transplantation of aged donors into young or aged recipients shows that 
HSC potential remains intact for most, if not all, of the life of a mouse 
(Rolink et al. 1993). 
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MULTIPOTENCY 


In asymmetric or fully differentiating divisions of a single HSC, the dif- 
ferentiated daughter cell(s) can develop among different lineage pathways 
in distinct cellular steps. Their choices include erythrocytes, megakary- 
ocytes and platelets, granulocytes, monocytes and macrophages, osteo- 
clasts and dendritic cells, NK cells, thymocytes, T cells, and B cells. 
When a single HSC can give rise to all these lineages of blood cells, it is 
called a pluripotent HSC (pHSC). Stem cells with self-renewal capacity 
but with more limited potencies for hematopoietic differentiation are usu- 
ally called progenitors, e.g., common lymphoid progenitor (CLP) for stem 
cells with B, T, and NK-lymphoid differentiation capacities; common 
myeloid progenitor (CMP) for stem cells with granulocyte, monocyte, 
macrophage, osteoclast, and dendritic cell potential; megakaryocyte and 
erythrocyte progenitor (MEP); and granulocyte and macrophage progen- 
itor (GMP). Even more differentiated stages of these different lineages 
may have stem cell properties. 


RECONSTITUTION POTENTIAL 


Upon transplantation into a suitably receptive host, stem cells can home 
to their proper sites in the body—unless already implanted at the proper 
site—and establish differentiation along all or parts of the hematopoietic 
lineages. Reconstitution can be short term, generating differentiated cells 
in a wave of developmental steps in which the progenitors vanish as the 
more differentiated cells develop. The differentiated cells generated in 
such a wave will usually disappear by normal turnover from the host. 
Whenever the host compartments are properly filled, turnover will be of 
the order of days or weeks. In lymphoid development this may be differ- 
ent, especially when empty compartments (such as in the RAG- or SCID 
severe combined immunodeficient mice) are to be filled with donor cells. 
This may be a consequence of a different homeostasis, or because these 
donor lymphocytes become long-lived memory cells due to exposure to 
foreign antigens (Sprent et al. 1991; Neuberger 1997). The cycling 
pHSCs (Fig. 1A) and most of the progenitors with more limited 
hematopoietic potentials, i.e., the CMP, CLP, MEP, GMP, proT, and preB- 
I cells, all exhibit only this short-term reconstitution potential. 

The exception is the progeny of preB-I cells, i.e., some of the mature 
B cells that develop from them in vivo. PreB-I cells from wild-type mice 
have short-term reconstitution potential, because they appear not to be 
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Figure I Hierarchies of hematopoietic cell development: (A) This scheme is derived from clonal progeny analyses in vitro and in vivo, 
after transplantation by scoring the development of differentiated progeny cells. Purification of clonable progenitors was done for 
long-term (LT) repopulating and short-term (ST) repopulating hematopoietic stem cells (HSC) by FACS using the markers shown 
with the progenitor cell. LT-pHSC are resting, ST-pHSC proliferating, cells (Morrison and Weissman 1994; Morrison et al. 1997). 
PHSC give rise to all lineages of hematopoiesis shown in the figure when transplanted into lethally irradiated, radioprotected hosts. 
Only from LT-pHSC, but not from ST-pHSC-transplantation, pHSC can be recovered from the recipient. A clonogenic progenitor for 
all myeloid and erythroid/megakaryocyte cells (CMP) was isolated (Akashi et al. 2000) by FACS using the markers indicated on the 
progenitor. The differential expression of FcyR and CD34 allowed them to subdivide to two more committed progenitors, one for 
monocyte and granulocyte lineages (GMP), the other for megakaryocyte and erythrocyte development (MEP), all assayed primarily 
by in vitro colony assays. Kondo et al. (1997) have defined a common lymphoid progenitor (CLP), essentially by the same techniques 
used for FACS and colony assays. (B) This scheme is derived from in vivo analyses of mutant mouse strains, defective in the genes 
shown in the figure. The arrows indicate the transitions from one to the next cell stage, at which a given mutant mouse strain appears 
to be blocked for further development, and which cell lineages remain to be made (for details see the text). Large cells (O) in the fig- 
ure indicate that they are in the cell cycle, while small cells (0) show that they are resting. The expression pattern of AA4.1 in the dif- 
ferent progenitor and precursor cells has recently been elucidated (Rolink et al. 1998). Only LI-pHSC have long-term, repopulating 
potential; all others, i.e., STpHSC, CLP, CMP, GMP, MEP, and their further differentiated progeny, only yield waves of hematopoi- 
etic development. Exceptions, as mentioned in the text, are B1-B cells and memory T and B cells. 
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able to home to their proper sites in the bone marrow, and because they 
develop in a wave of differentiation first to preB-I, then to immature, and 
finally to mature B cells. However, some of the mature B cells generated 
in this developmental wave acquire long-term reconstitution potential as 
individually V(D)J-rearranged clones of slgM* B cells, particularly when 
these B cells are selected into the B1 lineage (Kantor et al. 1995). They 
not only become long-lived, but also gain long-term reconstitution poten- 
tial, which is apparent when such BI cells are transplanted into a sec- 
ondary host, where they again fill the B1 compartment. These B1 cells 
can be considered to be V(D)J-rearranged, B-lymphocyte-committed, and 
B-lineage-restricted “stem” cells that, upon symmetric divisions, generate 
daughter cells with the same properties. It is suspected that their longevi- 
ty and continuously activated cell cycle status are a consequence of 
chronic exposure to autoantigens and/or to cross-reactive foreign antigens 
from infectious agents (for review, see Potter and Melchers 2000). 

Clones of IgG-producing B cells, i.e., derived by T-cell-dependent 
stimulation, which may be from conventional B cells, have also been seen 
to have long-term reconstitution potential. Again, this potential may be 
dependent on the presence of a stimulating antigen (Askonas and 
Williamson 1972; Manz et al. 1997; Slifka et al. 1998). 

The only known long-term reconstituting early hematopoietic cell is 
the resting pHSC. The resting population of pHSCs (Fig. 1A) home to 
their proper sites, e.g., in the bone marrow, stably populate them in normal 
numbers, and continuously generate cell lineages of hematopoietic cell 
development. Successful migration and seeding into the proper niches of 
pHSCs depends on an intact environment of reticular cells, stromal cells, 
and vascular endothelium. It is likely that this environment develops only 
in interactions with the hematopoietic progenitors, as it has been seen in 
the development of the thymus (van Ewijk et al. 1994; Boehm et al. 1995; 
Hollander et al. 1995). Further development of the transplanted pHSCs to 
cells that fill the compartments of the different committed lineages of 
hematopoiesis can also be aided when these further differentiated com- 
partments are missing as a consequence of mutation arresting that devel- 
opment in the transplanted host. As one example, defects in the V(D)J 
rearrangement machinery, such as the RAG” and SCID severe combined 
immunodeficiencies, arrest B- and T-lymphocyte development at the preT- 
and preB-cell stages (Fig. 1). Drug treatment or high-dose irradiation 
destroys the preT and preB cells and their progenitors, allowing the seed- 
ing of donor pHSCs and their progeny so that the T- and B-lymphoid com- 
partments are filled with donor lymphocytes. Similarly, hosts that are 
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defective in the gene encoding the common y chain of the IL2/IL7-recep- 
tor lack NK cells and therefore support some in vivo cell development 
from donor pHSCs and their progeny (DiSanto et al. 1995). Furthermore, 
c-fos-deficient mice, lacking osteoclast development, are suitable recipi- 
ents to develop these osteoclasts from transplanted donor cells (Wang et al. 
1992; Grigoriadis et al. 1994). 

pHSCs and their progenitors may also possess different properties to 
reconstitute different hematopoietic lineages, dependent on a genetic 
makeup of the donor that is currently being analyzed (Miiller-Sieburg and 
Riblet 1996; de Haan and Van Zant 1997). This strength is measured by 
producing mixed chimeras from graded numbers of progenitors from two 
genetically different hosts, which are transplanted together. Transgenic 
expression of bcl-2 increases both the numbers of pHSCs and their repop- 
ulation potential (Domen et al. 2000), whereas mice homozygous for an 
Ikaros-transcription factor null-mutation have a 30-fold reduced number 
of LI-pHSC units. The generalized defect in all hematopoietic lineages 
appears to be, in part, compensated by unknown genetic factors in the 
erythroid/megakaryocytic cell lineage. A reduced expression of the tyro- 
sine kinases c-kit and flt-3 on early progenitors (Fig. 1A) may account for 
some of the hematopoietic defects in this Ikaros null-mutant mouse strain 
(Nichogiannopoulou et al. 1999). 

The capacity of pHSCs to home to the right environment is one of the 
essential prerequisites for successful reconstitution of the transplanted 
host. This migratory capacity of pHSC is first played out during embryo- 
genesis. The earliest site of pHSC generation is the splanchnopleura of 
the aorta-gonad-mesonephros (AGM) region, and its anterior part in the 
mouse embryo between day 8 and 9 of gestation, when embryonic blood 
circulation is established (Cumano et al. 1995; Cumano et al. 1996; Godin 
et al. 1995; Medvinsky and Dzierzak 1996). pHSCs are expected to 
migrate from the AGM region first to sites where primitive hematopoiesis 
takes place, e.g., in the yolk sac. Later, they must arrive at sites of defi- 
nite hematopoiesis, and of myeloid and lymphoid cell development, e.g., 
in the fetal liver, omentum, bone marrow, and, subsequently, in the thy- 
mus (for review, see Melchers and Rolink 1999). Molecules involved in 
adhesion, e.g., B1-integrin (Potocnik 2000), or chemoattraction, e.g., the 
chemokine SDF-1 and its receptor (for references, see Ma et al. 1999), 
might be involved in the direction of pHSC traffic. It might well be that 
pHSCs of adults still use the same molecular modes to migrate to their 
proper niches, e.g., in bone marrow, and it is certain that most of these 
molecular modes of pHSC traffic still need to be discovered. 
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SECONDARY AND SUBSEQUENT RECONSTITUTION POTENTIAL 


When a pHSC has populated the proper sites in the transplanted host, it 
should, in principle, be transplantable again in a secondary host, and there- 
after even in subsequent hosts. In practice, however, the efficiency of sec- 
ondary pHSC transplantation has been found to drop substantially 
(Spangrude et al. 1995). 

Two factors may contribute to such losses of reconstitution potential: 
loss of environmental contact and/or loss of telomeres. When removed 
from their normal environment of stromal cells, epithelial cells and vas- 
cular endothelium pHSC could well enter differentiation and thereby lose 
reconstitution potential, because they are no longer exposed to the prop- 
er cell-to-cell contacts and no longer receive stimuli from the right 
cytokines and chemokines to keep them in the state of a pHSC. This 
might easily happen while pHSC are isolated from the tissue, are trans- 
planted, and have to migrate until they reach the proper site. In addition, 
a larger number of cell divisions (symmetric or asymmetric) may result in 
telomere shortening, whenever telomerase activity is decreased or absent 
(Allsopp et al. 1992, 1995; Vaziri et al. 1994; Hiyama et al. 1995; Lee et 
al. 1998; Hodes 1999). 

In fact, pHSCs can be separated into two subpopulations, one with 
high (LT-pHSC), the other with low (ST-pHSC) long-term reconstitution 
potential (Bradford et al. 1997; Cheshier et al. 1999). LT-pHSCs have 
been found to have as much telomerase activity as cancer cells do, while 
ST-pHSCs have less, suggesting that telomeres in pHSCs are kept at a 
constant, unshortened length when they enter cell cycle only occasional- 
ly and are usually resting. They lose their telomeres when they continue 
to proliferate (Broccoli et al. 1995; Morrison et al. 1996). Human pHSCs 
shorten their telomere lengths with age (Vaziri et al. 1994), and telomere 
length in mouse pHSCs still needs to be measured. It is conceivable that 
parts of the signals given to pHSCs by their proper environment keep 
telomerase activity up-regulated. 


MODELS OF HEMATOPOIESIS 


Models of the hierarchies of hematopoeitic differentiation pathways have 
been proposed either on the basis of cellular development from progeni- 
tors to differentiated, mature cells observed in in vitro cultures and colony 
assays, and in in vivo transplantation experiments, or on the basis of 
developmental arrests in hematopoiesis introduced by targeted disruption 
of a series of genes mostly encoding transcription factors. 
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With the help of characteristic marker genes expressed in specific 
combinations in and on pHSCs, progenitors, and mature cells of the dif- 
ferent lineages, the branched development pictured in Figure 1A has been 
developed. In principle, this hierarchy has been deduced from in vitro cul- 
tures and colony assays, and from in vivo transplantation experiments, in 
which a given progenitor was isolated by cell sorting with the help of flu- 
orescent-labeled monoclonal antibodies detecting a characteristic combi- 
nation of surface markers. Either the purified cell populations were then 
mass-cultured, or colonies were grown from single cells transplanted into 
appropriately receptive hosts as genetically distinct donor cells. The dif- 
ferentiated progeny were thereafter analyzed and detectable in the trans- 
planted host with their genetically determined markers (for a review of 
experiments supporting this scheme, see Weissman 2000). 

Targeted disruption of genes encoding the transcription factors GATA- 
2 (Tsai et al. 1994), Spi-1 encoding PU.1 (McKercher et al. 1996; Singh 
1996; Tondravi et al. 1997), Ikaros (Georgopoulos et al. 1994), E2A 
encoding E12 and E47 (Bain et al. 1994, 1997; Zhuang et al. 1994; Choi 
et al. 1996; O’Riordan and Grosschedl 1999), EBF (Lin and Grosschedl 
1995), SOX-4 (van de Wetering et al. 1993; Schilham et al. 1996), PAX-5 
(Urbanek et al. 1994), and the IL-7 receptor a chain (IL7R@, Peschon et 
al. 1994) were found to arrest hematopoiesis at the points indicated in 
Figure 1B, resulting in a complete arrest of all lineages of hematopoiesis 
(GATA-2), allowing only erythropoiesis and megakaryocyte/platelet for- 
mation (PU.1), allowing erythroid and myeloid, but not lymphoid develop- 
ment (Ikaros), blocking B-cell development before D,,J_,-rearrangements 
and expression of sterile transcripts of the uwH-chain gene (E2A, EBF), 
blocking B-cell development at the CD19" partially D.J,-rearranged stage 
(IL-7R), arresting B-cell development before the preB-I cell stage (SOX- 
4), or blocking the development of V_,D_,J,,-rearranged large preB-II cells 
from preB-I cells (PAX-5) (Nutt et al. 1997; for review, see Melchers and 
Rolink 1999). These experiments have suggested a linear developmental 
model of hematopoiesis (Fig. 1B) (Singh 1996). 

One major difference in the two models outlined in Figure 1A and B 
is the way by which B and T lymphocytes are generated from pHSCs. This 
becomes an issue if a hematopoietic cell of a given lineage could not only 
proceed along a given pathway in one direction of differentiation, but 
could also reverse its track and dedifferentiate from one type of commit- 
ted cell, e.g., a precursor B cell, back to an earlier progenitor, and then 
assume redifferentiation along another lineage of hematopoiesis. If the 
same pathways were used in both directions, a precursor B cell would 
have to dedifferentiate as far back as a pHSC in model | (Fig. 1A) before 
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it could redifferentiate to a myeloid cell. In contrast, in model 2 (Fig. 1B), 
dedifferentiation to only the common myeloid/lymphoid progenitor 
would suffice. 

Both models of hematopoiesis are supported by limited experimental 
evidence. Against model | it can always be argued that the proper physi- 
ological conditions of in vivo hematopoietic differentiation of progenitors 
and precursors are not met in vitro because certain cytokines, 
chemokines, or cell contacts and their proper dosage and application with 
time of differentiation are missing or wrong for a given lineage to devel- 
op. Even in vivo differentiation after progenitor transplantation may be 
limited by the inability of a given progenitor to find its right environment, 
either because it cannot home to that site, or because the site has not 
developed properly. 

Different mutant forms of the same transcription factor can elicit 
quite different phenotypes of hematopoietic defects. Examples are the 
two types of mutants that have been generated for the PU.1 encoding SPI- 
1 gene, and the Ikaros gene (Molnar and Georgopoulos 1994). In both 
cases either the whole gene, or only the DNA-binding domain of it, have 
been deleted in the germ line of mice. Deleting only the DNA-binding 
domain generates in both cases dominant-negative forms that block 
hematopoietic differentiation as severely as shown in Figure 1B. With 
age, some thymocytes develop in both the PU.1 and the Ikaros mutated 
mice. This suggests that very rare successes to overcome these develop- 
mental blocks are most strongly used for T-cell development. 

In contrast, in PU.1~~ mice only the formation of macrophages and 
osteoclasts is inhibited (Tondravi et al. 1997). Ikaros” mice are defective 
in fetal B- and T-cell development, and in adult B cell development. They 
also lack a large proportion of the NK cells, some subsets of y/5 TCR T 
cells, and thymic dendritic cells. However, postnatally CD4* T cells 
appear to expand in almost normal numbers (Wang et al. 1996). 

These results suggest that it is easier to complement a given tran- 
scription factor in a complex of factors which regulates the expression 
of key target genes involved in the commitment to different hematopoi- 
etic lineages when that factor is absent, than in a complex that still con- 
tains the factor, capable of interactions within the complex, but not with 
DNA. If the target genes of the mutated transcription factor include 
those that control homing and/or attachment to the proper environment, 
then the observed mutant phenotypes are no more informative for the 
hierarchies of hematopoiesis than the in vitro and in vivo assays with 
progenitors. 
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DIFFERENTIATION, DEDIFFERENTIATION, AND REDIFFERENTIATION 
OF HEMATOPOIETIC CELLS: PLASTICITY 
VERSUS DIRECTIONAL COMMITMENT 


In normal hematopoiesis, cells proceed most probably in unidirectional 
steps through sequential stages that commit these cells to a given differ- 
entiated type of lineage. At the same time, they become more and more 
restricted to that chosen lineage, with fewer and fewer options to enter 
other lineages. These pathways of increasing commitments are experi- 
mentally observed either by in vitro or in vivo assays of cell development 
without detectable dedifferentiation or redifferentiation into other path- 
ways (Fig. 1). As cells become committed, even the exposure to different 
environmental influences, such as cell-to-cell contacts, cytokines and 
chemokines, at best only stops further development but usually does not 
lead to redifferentiation. One example of such commitment, studied in 
detail in our laboratory, is the commitment of early progenitors to B-lin- 
eage lymphocytes (for review, see Melchers and Rolink 1999). 

The earliest cell with B-lineage potential is a B220°, CD19, AA4.1", 
ckit’”, flt-3*, surrogate light (SL) chain progenitor that develops with 
high clonal proliferative capacity in vitro on stromal cells in the presence 
of interleukin-7 (IL-7) to preB-I cells (Ogawa et al. 2000). Both the lig- 
ands for ckit and for flt-3 are involved in the stimulation of this develop- 
ment as they, together with IL-7, are provided by the stromal cells of this 
hematopoietic environment. 

These progenitors develop via a SL-chain' CD19” intermediate to 
B220*, CD19*, AA4.1*, ckit'™, flt-3> SL chain*, CD43* preB-I cell. 
During this cellular development both Ig heavy (H)-chain alleles become 
D,,J,,-rearranged, so that every preB-I cell has a characteristic set of indi- 
vidually D,,J,,-rearranged H-chain alleles. As preB-I cells, they retain the 
capacity to proliferate extensively on stromal cells in the presence of IL- 
7 so that the individual D,,J,,-rearranged alleles become clonal markers 
of the progeny of this proliferative expansion (Rolink et al. 1991). As 
long as IL-7 is present, preB-I cells will not differentiate further along the 
B-lineage pathway. Removal of IL-7 induces V,, to D,,J,, rearrangements 
on the H-chain locus, and V, to J, rearrangements. Whenever both IgH 
and IgL chain loci have been rearranged productively, slgM* immature B 
cells are formed. They are then selected negatively as well as positively 
to generate the peripheral, mature B-cell pools reactive to foreign anti- 
gens. 

The cellular stages of this stepwise repertoire development of B cells 
can be distinguished by the expression of characteristic surface markers. 
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PreB-cell-receptor-expressing, i.e., V,,D,J,,-rearranged WH chain’/SL 
chain’ proliferating preB-II cells, are ckit CD25'AA4.1*, while immature 
sIgM" B cells lose CD25 expression, and AA4.1 expression is lost as 
immature B cells become sIgM‘/sIgD* mature B cells (Rolink et al. 1998, 
1999; Melchers and Rolink 1999). 

Progenitor B and preB-I cells from wild-type mice have a strong uni- 
directional tendency to develop along this pathway of differentiation to B 
cells. Thus, either induced in vitro, first on stromal cells and IL-7, subse- 
quently by the removal of IL-7, or by transplantation into lymphocyte- 
deficient RAG” or SCID hosts in vivo, only B-lineage cells, but no T 
cells nor myeloid cells, can be seen to develop from these pro and preB-I 
cells. Culturing preB-I cells in the absence of IL-7, and in the presence of 
cytokines capable of inducing myeloid cell differentiation, does not 
induce such myeloid differentiation. 


COMMITMENT TO B LYMPHOPOIESIS 


Transcription factors appear to control the commitment of progenitors 
along different lineages. Three such factors have been identified for the 
commitment to the B-lymphocyte lineage (E2A, EBE, PAX-5). Targeted 
disruption of either the E2A or the EBF gene results in an arrest of B lym- 
phopoiesis at the stage shown in Figure 1B. E2A~ and EBF~ mutant 
mice show an arrest before any rearrangements of either IgH or IgL chain 
gene segments are initiated (Zhuang et al. 1994; Lin and Grosschedl 
1995). Target genes controlled by E2A and EBF are RAGI and RAG2, 
Igo and IgB, VpreB and AS, as well as the intron enhancer of the WH chain 
locus (EW) controlling sterile transcription of the WH chain locus (for 
review, see Busslinger et al. 2000). Transgenic expression of E2A-encod- 
ed E47 activates some of these target genes even in fibroblasts (Choi et 
al. 1996). E2A and EBF also appear to control the expression of PAX-5 
(O’Riordan and Grossched1 1999). 

PAX-5 mutant mice are arrested at a later stage of B-lineage devel- 
opment, ie., at a preB-I-like state, in which the cells have Ds 
rearranged both IgH chain alleles, but continue to express earlier mark- 
ers, such as the flt-3 receptor tyrosine kinase. Hence, it may well be that 
their cellular arrest is at the earlier, proB-cell stage (Fig. 1) but that D,, to 
J,, rearrangements continue in these PAX-5~" cells. PAX-5~ preB-I cells, 
like wild-type pro- and preB-I cells, proliferate for long periods of time 
on stromal cells in the presence of IL-7, and can be cloned as individual- 
ly DJ, -rearranged cell clones. PAX-5~ mice are blocked in B-cell 
development at the transition of D,,J,,-rearranged preB-I to V,D.J.- 
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rearranged large preB-II cells (Urbanek et al 1994; Nutt et al. 1999a). 
Hence, whereas withdrawal of IL-7 from wild-type preB-I cell cultures 
results in the development of slgM* immature and mature B cells (Rolink 
et al. 1991), this development is blocked for PAX-5~ preB-I cells. PAX- 
5 is expressed monoallelically from the earliest proB cell to the stage of 
an immature B cell, where it changes to biallelic expression (Nutt et al. 
1999b). PAX-5~ preB-I cells express almost all of the proB-cell-specif- 
ic genes (with the exception of CD19). Several genes expressed in other 
myeloid or lymphoid lineage cells are also expressed in PAX-5 preB-I 
cells, although some at very low levels, such as preTa (lymphoid-relat- 
ed), perforin (NK-cell-related), myeloperoxidase and M-GSF receptor 
(myeloid-related). It has been suggested that PAX-5 not only positively 
controls B-lineage development but, at the same time, represses myeloid 
and T-lymphoid lineage development (Busslinger et al. 2000). PAX-5 
could, in fact, act like a traffic sign. When it is on, traffic of 
hematopoiesis will proceed along the B-lineage way; when it is off, traf- 
fic is routed into the myeloid and T-lymphoid directions. 


PLASTICITY OF PAX-5- PREB-I CELLS 


It had previously been observed that preB-I cells from the fetal liver of 
wild-type mice could be grown on stromal cells in the presence of IL-7 for 
more than 60 divisions without losing their capacity to develop to slgM* 
B cells in vitro and in vivo. In contrast, wild-type preB-I cells from bone 
marrow tend to cease to proliferate after 4-6 weeks; i.e., after 30-50 divi- 
sions. Bone-marrow-derived preB-I cells of PAX-5 mice appear to pro- 
liferate as well as wild-type cells from fetal liver. Clones of these cells have 
now been expanded for at least 100 divisions; hence, one PAX-5 ~~ preB-I 
cell can, in principle, be expanded to 10°° cells. 

It was a surprise to discover that PAX-5~ preB-I cells, in fact, pos- 
sess stem cell-like properties. Not only are they self-renewing (for up to 
100 divisions), they are also pluripotent (with the exception that B-cell 
development is blocked, and that erythroid and megakaryocyte develop- 
ment has so far not been observed) (Nutt et al. 1999a,b; Rolink et al. 
1999a,b), and they home back to the bone marrow, from where they can 
be reisolated as preB-I cells. Therefore, they have long-term reconstitut- 
ing capacity (Rolink et al. 1999a,b). 

The pluripotency of PAX-5~ preB-I cells is documented in the fol- 
lowing experiments. Clones of these cells develop into macrophages 
when IL-7 is removed and M-CSF is added to in vitro cultures. Removal 
of IL-7, followed by exposure to IL-3/IL-6 and SCF first and G-CSF later, 
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develops granulocytes. Exposure of the IL-7-deprived cells to M-CSF and 
GM-CSF generates antigen-representing dendritic cells, exposure to IL-2 
generates NK cells, and cultures on stromal cells expressing TRANCE lead 
to osteoclast development (Nutt et al. 1999a,b). The last two lineages of 
hematopoiesis can also be induced in vivo by transplanting PAX-5” 
preB-I cells into mice that are deficient in the common y chain of the IL- 
2/IL-7-receptor (ye) and into c-fos-deficient mice, respectively. In the 
ye -deficient mice, endogenous NK-cell development is defective. It is 
replenished by NK cells derived from the PAX-5~~ preB-I cells, and the 
same PAX-5~ preB-I cells become the source of osteoclast generation in 
the osteoclast-deficient c-fos” mice. 

Equally impressive is the complete reconstitution of T-cell develop- 
ment in lymphocyte-deficient RAG~ hosts by the transplantation of as lit- 
tle as 5 x 10* ex vivo isolated, or 5 x 10° in vitro grown, PAX-5 preB-I 
cells (Rolink et al. 1999a,b). All stages of thymocyte development in the 
recipient thymus, i.e., double-negative (DN) stage 1-4, double-positive 
and single-positive thymocytes, as well as peripheral T cells, all develop 
in normal numbers and retain this homeostatic potential for many months. 
T cells expressing 0/8 TCR as well as y/5 TCR develop normally. Positive 
and negative selection on MHC class I and class II is normal, and the 
peripheral, mature T-cell repertoire reacts normally in cytolytic and helper 
responses to alloantigens and foreign antigens (Melchers and Rolink 
1999). 

These experiments show that the apparently pluripotent PAX-5” 
preB-I cells can fill vacant hematopoietic compartments in the transplant- 
ed, partially deficient host. They also show that a single PAX-5~~ preB-I 
cell genetically marked by a characteristic set of D_J_-rearranged IgH 
chain alleles generates all these different hematopoietic lineages, thereby 
endowing every progeny cell of these lineages with the same set of D,J,, 
rearrangements. Furthermore, they show that neither the expression of sur- 
rogate L chain, nor of IgB, nor the D,,J,, rearrangements irreversibly 
commit a hematopoietic cell to the B-lineage pathway. Finally, repeated 
isolation of the transplanted, clonal PAX-5~ preB-I cells from the bone 
marrow of the recipient followed each time by in vitro and in vivo induc- 
tion to the different hematopoietic lineages demonstrates, for at least 100 
divisions, a surprisingly strong long-term reconstitution capacity. 

At present, we do not know to what extent the earliest progenitor of 
the B-lineage pathway (the B220*, CD19-, AA4.1*, ckit'®”, flt-3*, pro-/ 
pre-B cell shown in Fig. 1) bears similarities in cellular behavior to PAX- 
5 preB-I-like cells. In particular, do they respond similarly to inductive 
signals by cytokines, and are they inducible into different directions? The 
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rearrangement status of the IgH chain locus may not be a reliable marker 
for B cells of mutant mice, as they have been found in macrophages and 
T cells (Born et al. 1988). Thus, the plasticity of earlier stages of 
hematopoiesis may be greater, as previously thought, and influenced by 
the environment, rather than only autonomously determined by the 
hematopoietic cell. 

It is clear that targeted deletion of the PAX-5 gene can hardly be called 
anormal state. However, if PAX-5 acts as a traffic signal, so that myeloid 
and T cells are made when PAX-5 is “off,” and B cells are made when 
PAX-5 is “on,” then one could imagine that the regulation of PAX-5 
expression by end cells and/or their products could, for instance, influence 
which of the two routes of traffic is generated. Myeloid and T cells and/or 
their secreted products would feed back on the earlier progenitor to stop 
further production of cells of this lineage by up-regulating PAX-5 expres- 
sion, whereas B cells and/or their secreted products would do the opposite; 
namely, turn off PAX-5 expression to stop further B-cell production (Fig. 
2). Depending on whether hematopoiesis occurs as shown in Figure 1A or 
Figure 1B, the target cell of this homeostatic regulation of myeloid and 
lymphoid cell production would be pHSC or the CMLP, respectively. 


PRACTICAL CONSEQUENCES 


It is important to realize that all hematopoietic lineages developed from 
the PAX-5~ preB-I cells generate cells that have been found to function 
normally. This could be expected, since only early progenitors and B-lin- 
eage cells, but no other hematopoietic cells, express PAX-5. Therefore, 
PAX-5~ preB-I cell clones offer the exciting possibility to study, and 
genetically influence, the development of all these normal hematopoietic 
pathways. The PAX-5” preB-I cells can be transgenically modified, since 
they can be infected with high efficiencies by a retrovirus (Rolink et al. 
1999a,b). Transfection of genes, or homologous recombination following 
such transfections, has so far not been possible. Retroviral infection 
allows us to mark the cells; e.g., the expression of a fluorescent protein 
gene, a procedure that facilitates the identification and FACS purification 
of progeny cells in vitro and in the transplanted host. Retroviral infection 
of PAX-5~" preB-I cells by promoter- or polyA-tail trap vectors opens the 
possibilities for a genetic and functional screening of mutations; 1.e., of 
genes that are active and functional at a given stage of development of T 
cells, NK cells, or myeloid cells. By analogy, retroviral infection of wild- 
type preB-I cells can be used for such a mutational analysis of genes 
active in B-cell development. 
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\ pac eas 


T, Myeloid 
Figure 2 Feedback regulation of PAX-5 expression in hematopoietic progenitor 


cells, resulting in balanced homeostasis of the B-cell, T-cell, and myeloid-cell 
compartments (for details, see text). 


By crossing the PAX-5’ mutation onto other hematopoietically 
defective mutant mice, it should be possible to use preB-I cells of double 
mutant mice for the study of the detailed structure—function relationships 
of such a defective gene. 

It is predictable that the genetic programs controlling the development 
and the interactions of cells of different hematopoietic lineages with their 
environment, self, or non-self, will involve many genes. If homologous 
recombination of such genes into PAX-5" preB-I cells becomes an exper- 
imental possibility, this will obviate the need to construct “knock-out” and 
“knock-in” strains of mice for these genes. Still more exciting are the 
prospects that a human preB-I cell could even proliferate in tissue culture 
like its counterpart from mice, and that homologous recombination with 
an exogenously inducible, normally repressed form of the human PAX-5 
gene on both alleles could create a human PAX-5~ preB-I cell. 


ACKNOWLEDGMENTS 


The Basel Institute for Immunology was founded and is supported by 
F. Hoffmann-La Roche Ltd, CH 4002-Basel. 


Hematopoietic Stem Cells 323 


REFERENCES 


Akashi K., Traver D., Miyamoto T., and Weissman I. 2000. A clonogenic common myeloid 
progenitor that gives rise to all myeloid lineages. Nature 404: 193-198. 

Allsopp R.C., Chang E., Kashefi-Aazam M., Rogaev E.I., Piatyszek M.A., Shay J.W., and 
Harley C.B. 1995. Telomere shortening is associated with cell division in vitro and in 
vivo. Exp. Cell. Res. 220: 194-200. 

Allsopp R.C., Vaziri H., Patterson C., Goldstein S., Younglai E.V., Futcher A.B., Greider 
C.W., and Harley C.B. 1992. Telomere length predicts replicative capacity of human 
fibroblasts. Proc. Natl. Acad. Sci. 89: 10114-10118. 

Askonas B.A. and Williamson A.R. 1972. Factors affecting the propagation of a B cell 
clone forming antibody to the 2,4-dinitrophenyl group. Eur. J. Immunol. 2: 487-493. 

Bain G., Robanus Maandag E.C., te Riele H.P., Feeney A.J., Sheehy A., Schlissel M., 
Shinton S.A., Hardy R.R., and Murre C. 1997. Both E12 and E47 allow commitment 
to the B cell lineage. Immunity 6: 145-154. 

Bain G., Maandag E.C., Izon D.J., Amsen D., Kruisbeek A.M., Weintraub B.C., Krop L., 
Schlissel M.S., Feeney A.J., van-Roon M., van der Valk M., te Riele H.P.J., Berns A., 
and Murre C. 1994. E2A proteins are required for proper B cell development and ini- 
tiation of immunoglobulin gene rearrangements. Cell 79: 885-892. 

Boehm T., Nehls M., and Kyewski B. 1995. Transcription factors that control development 
of the thymic microenvironment. Jmmunol. Today 16: 555-556. 

Born W., White J., Kappler J., and Marrack P. 1988. Rearrangement of IgH genes in nor- 
mal thymocyte development. J. Immunol. 140: 3228-3232. 

Bradford G.B., Williams B., Rossi R., and Bertoncello I. 1997. Quiescence, cycling, and 
turnover in the primitive hematopoietic stem cell compartment. Exp. Hematol. 25: 
445-453. 

Broccoli D., Young J.W., and de Lange T. 1995. Telomerase activity in normal and malig- 
nant hematopoietic cells. Proc. Natl. Acad. Sci. 92: 9082-9086. 

Busslinger M., Nutt S.L., and Rolink A.G. 2000. Lineage commitment in lymphopoiesis. 
Curr. Opin. Immunol. 12: 151-158. 

Cheshier S.H., Morrison S.J., Liao X., and Weissman I.L. 1999. In vivo proliferation and 
cell cycle kinetics of long-term self-renewing hematopoietic stem cells. Proc. Natl. 
Acad. Sci. 96: 3120-3125. 

Choi J.K., Shen C.P., Radomska H.S., Eckhardt L.A., and Kadesch T. 1996. E47 activates 
the Ig-heavy chain and TdT loci in non-B cells. EMBO J. 15: 5014-5021. 

Cumano A., Dieterlen-Lievre F., and Godin I. 1996. Lymphoid potential, probed before 
circulation in mouse, is restricted to caudal intraembryonic splanchnopleura. Cell 86: 
907-916. 

Cumano A., Garcia-Porrero J., Dieterlen-Lievre F., and Godin I. 1995. [Intra-embryonic 
hematopoiesis in mice]. C.R. Seances Soc. Biol. Fil. 189: 617-627. 

de Haan G. and Van Zant G. 1997. Intrinsic and extrinsic control of hemopoietic stem cell 
numbers: Mapping of a stem cell gene. J Exp. Med. 186: 529-536. 

DiSanto J.P, Muller W., Guy-Grand D., Fischer A., and Rajewsky K. 1995. Lymphoid 
development in mice with a targeted deletion of the interleukin-2 receptor y chain. 
Proc. Natl. Acad. Sci. 92: 377-381. 

Domen J., Cheshier S.H., and Weissman I.L. 2000. The role of apoptosis in the regulation 
of hematopoietic stem cells: Overexpression of Bcl-2 increases both their number and 
repopulation potential. J Exp. Med. 191: 253-264. 

Fleming W.H., Alpern E.J., Uchida N., Ikuta K., Spangrude G.J., and Weissman I.L. 1993. 


324 _ ‘F. Melchers and A. Rolink 


Functional heterogeneity is associated with the cell cycle status of murine hematopoi- 
etic stem cells. J Cell. Biol. 122: 897-902. 

Fuchs E., and Segre J.A. 2000. Stem cells: A new lease on life. Cell 100: 143-155. 

Georgopoulos K., Bigby M., Wang J.H., Molnar A., Wu P., Winandy S., and Sharpe A. 
1994. The Ikaros gene is required for the development of all lymphoid lineages. Cell 
79: 143-156. 

Godin I., Dieterlen-Lievre F., and Cumano A. 1995. Emergence of multipotent hemopoi- 
etic cells in the yolk sac and paraaortic splanchnopleura in mouse embryos, beginning 
at 8.5 days postcoitus (erratum in Proc. Natl. Acad. Sci. [1995] 92: 10815). Proc. Natl. 
Acad. Sci. 92: 773-777. 

Grigoriadis A.E., Wang Z.Q., Cecchini M.G., Hofstetter W., Felix R., Fleisch H.A., and 
Wagner E.F. 1994. c-Fos: A key regulator of osteoclast-macrophage lineage determi- 
nation and bone remodeling. Science 266: 443-448. 

Hiyama K., Hirai Y., Kyoizumi S., Akiyama M., Hiyama E., Piatyszek M.A., Shay J.W., 
Ishioka S., and Yamakido M. 1995. Activation of telomerase in human lymphocytes 
and hematopoietic progenitor cells. J Immunol. 155: 3711-3715. 

Hodes R.J. 1999. Telomere length, aging, and somatic cell turnover. J Exp. Med. 190: 
153-156. 

Hollander G.A., Wang B., Nichogiannopoulou A., Platenburg P.P., van Ewijk W., Burakoff 
S.J., Gutierrez-Ramos J.C., and Terhorst C. 1995. Developmental control point in 
induction of thymic cortex regulated by a subpopulation of prothymocytes. Nature 
373: 350-353. 

Kantor A.B., Stall A.M., Adams S., Watanabe K., and Herzenberg L.A. 1995. De novo 
development and self-replenishment of B cells. Jnt. Immunol. 7: 55-68. 

Kay H. 1965. How many cell-generations? Lancet I: 418-419. 

Kondo M., Weissman I.L., and Akashi K. 1997. Identification of clonogenic common 
lymphoid progenitors in mouse bone marrow. Cell 91: 661-672. 

Lee H.W., Blasco M.A., Gottlieb G.J., Horner II, J.W., Greider C.W., and DePinho R.A. 
1998. Essential role of mouse telomerase in highly proliferative organs. Nature 392: 
569-574. 

Lemischka I.R., Raulet D.H., and Mulligan R.C. 1986. Developmental potential and 
dynamic behavior of hematopoietic stem cells. Cell 45: 917-927. 

Lin H. and Grosschedl R. 1995. Failure of B-cell differentiation in mice lacking the tran- 
scription factor EBF. Nature 376: 263-267. 

Ma Q., Jones D., and Springer T.A. 1999. The chemokine receptor CXCR4 is required for 

the retention of B lineage and granulocytic precursors within the bone marrow 

microenvironment. Immunity 10: 463-471. 

Manz R.A., Thiel A., and Radbruch A. 1997. Lifetime of plasma cells in the bone marrow 

(letter). Nature 388: 133-134. 

Mayani H., Dragowska W., and Lansdorp P.M. 1993. Lineage commitment in human 

hemopoiesis involves asymmetric cell division of multipotent progenitors and does not 

appear to be influenced by cytokines. J. Cell. Physiol. 157: 579-586. 

McKercher S., Torbett B.E., Anderson K.L., Henkel G.W., Vestal D.J., Barbault H., 
Klemsz M., Feeney A.J., Wu G.E., Paige C.J., and Maki R.A. 1996. Targeted disrup- 
tion of the PU.1 gene results in multiple hematopoietic abnormalities. EMBO J 15: 
5647-5658. 

Medvinsky A. and Dzierzak E. 1996. Definitive hematopoiesis is autonomously initiated 
by the AGM region. Cell 86: 897-906. 


Hematopoietic Stem Cells 325 


Melchers F. and Rolink A. 1999. B-lymphocyte development and biology. In Fundamental 
immunology, 4th edition (ed. W.E. Paul), pp. 183-224. Lippincott-Raven, Philadelphia, 
Pennsylvania. 

Metcalf D. 1991. Lineage commitment of hemopoietic progenitor cells in developing blast 

cell colonies: Influence of colony-stimulating factors. Proc. Natl. Acad. Sci. 88: 

11310-11314. 

Molnar A. and Georgopoulos K. 1994. The Ikaros gene encodes a family of functionally 

diverse zinc finger DNA binding proteins. Mol. Cell. Biol. 14: 8292-8303. 

Morrison S.J., Shah N.M., and Anderson D.J. 1997. Regulatory mechanisms in stem cell 

biology. Cell 88: 287-298. 

Morrison S.J., Prowse K.R., Ho P, and Weissman I.L. 1996. Telomerase activity in 

hematopoietic cells is associated with self-renewal potential. Immunity 5: 207-216. 

Morrison S.J. and Weissman I.L. 1994. The long-term repopulating subset of hematopoi- 

etic stem cells is deterministic and isolatable by phenotype. Jmmunity 1: 661-673. 

Miiller-Sieburg C.E. and Riblet R. 1996. Genetic control of the frequency of hematopoi- 

etic stem cells in mice: Mapping of a candidate locus to chromosome 1. J. Exp. Med. 

183: 1141-1150. 

Neuberger M.S. 1997. Antigen receptor signaling gives lymphocytes a long life (com- 

ment). Cell 90: 971-973. 

Nichogiannopoulou A., Trevisan M., Neben S., Friedrich C., and Georgopoulos K. 1999. 

Defects in hemopoietic stem cell activity in Jkaros mutant mice. J. Exp. Med. 190: 

1201-1214. 

Nutt S.L., Heavey B., Rolink A.G., and Busslinger M. 1999a. Commitment to the B-lym- 

phoid lineage depends on the transcription factor Pax5 (see comments). Nature 401: 

556-562. 

Nutt S.L., Urbanek P., Rolink A., and Busslinger M. 1997. Essential functions of Pax5 
(BSAP) in pro-B cell development: Difference between fetal and adult B lym- 
phopoiesis and reduced V-to-DJ recombination at the IgH locus. Genes Dev. 11: 
476-491. 

Nutt S.L., Vambrie S., Steinlein P., Kozmik Z., Rolink A., Weith A., and Busslinger M. 
1999b. Independent regulation of the two PaxS alleles during B-cell development. Nat. 
Genet. 21: 390-395. 

Ogawa M., ten Boekel E., and Melchers F. 2000. Identification of CD19” 
B220*cKit*Flt3/FIk-2* cells as early B lymphoid precursors before pre-B-I cells in 
juvenile mouse bone marrow. Jnt. Immunol. 12: 313-324. 

O’Riordan M., and Grosschedl R. 1999. Coordinate regulation of B cell differentiation by 
the transcription factors EBF and E2A. Immunity 11: 21-31. 

Peschon J.J., Morrissey P.J., Grabstein K.H., Ramsdell F.J., Maraskovsky E., Gliniak B.C., 
Park L.S., Ziegler S.F, Williams D.E., Ware C.B., et al. 1994. Early lymphocyte expan- 
sion is severely impaired in interleukin 7 receptor-deficient mice. J Exp. Med. 180: 
1955-1960. 

Potocnik A. 2000. Role of B1 integrin for hemato-lymphopoiesis in mouse development. 
Curr. Top. Microbiol. Immunol. 251: 43-50. 

Potter M. and Melchers F. 2000. Opinions on the nature of B-1 cells and their relationship 
to B cell neoplasia. Curr. Top. Microbiol. Immunol. 252: (in press). 

Rolink A.G., Andersson J., and Melchers F. 1998. Characterization of immature B cells by 

a novel monoclonal antibody, by turnover and by mitogen reactivity. Eur. J. Immunol. 

28: 3738-3748. 


326 =F. Melchers and A. Rolink 


Rolink A., Haasner D., Nishikawa S.I., and Melchers F. 1993. Changes in frequencies of 
clonable preB cells during life in different lymphoid organs of mice. Blood 81: 
2290-2300. 

Rolink A., Kudo A., Karasuyama H., Kikuchi Y., and Melchers F. 1991. Long-term pro- 
liferating early pre B cell lines and clones with the potential to develop to surface Ig- 
positive, mitogen reactive B cells in vitro and in vivo. EMBO J. 10: 327-336. 

Rolink A., Ntt S., Melchers F., and Busslinger M. 1999a. Long-term in vivo reconstitution 
of T-cell development by Pax5-deficeint B-cell progenitors. Nature 401: 603-606. 
Rolink A., Nutt S., Busslinger M., ten Boekel E., Seidl T., Andersson J., and Melchers F. 
1999b. Differentiation, dedifferentiation and redifferentiation of B-lineage lympho- 
cytes: The roles of the surrogate light chain and the PAX-5 gene. Cold Spring Harbor 

Symp. Quant. Biol. 64: 21-25. 

Schilham M.W., Oosterwegel M.A., Moerer P., Ya J., de Boer P.A.J., van de Wetering M., 
Verbeek S., Lamers W.H., Kruisbeek A.M., Cumano A., and Clevers A. 1996. Defects 
in cardiac outflow tract formation and pro-B-lymphocyte expansion in mice lacking 
Sox-4. Nature 380: 711-714. 

Singh H. 1996. Gene targeting reveals a hierarchy of transcription factors regulating spec- 
ification of lymphoid cell fates. Curr. Opin. Immunol. 8: 160-165. 

Slifka M.K., Antia R., Whitmire J.K., and Ahmed R. 1998. Humoral immunity due to 
long-lived plasma cells. Immunity 8: 363-372. 

Spangrude G.J. and Johnson G.R. 1990. Resting and activated subsets of mouse multipo- 
tent hematopoietic stem cells. Proc. Natl. Acad. Sci. 87: 7433-7437. 

Spangrude G.J., Brooks D.M., and Tumas D.B. 1995. Long-term repopulation of irradiat- 
ed mice with limiting numbers of purified hematopoietic stem cells: In vivo expansion 
of stem cell phenotype but not function. Blood 85: 1006-1016. 

Sprent J., Schaefer M., Hurd M., Surh C.D., and Ron Y. 1991. Mature murine B and T cells 
transferred to SCID mice can survive indefinitely and many maintain a virgin pheno- 
type. J Exp. Med. 174: 717-728. 

Tondravi M.M., McKercher S.R., Anderson K., Erdmann J.M., Quiroz M., Maki R., and 
Teitelbaum S.L. 1997. Osteopetrosis in mice lacking haematopoietic transcription fac- 
tor PU.1. Nature 386: 81-84. 

Tonegawa S. 1983. Somatic generation of antibody diversity. Nature 302: 575-581. 

Tsai F.Y., Keller G., Kuo EC., Weiss M., Chen J., Rosenblatt M., Alt F W., and Orkin S.H. 
1994. An early haematopoietic defect in mice lacking the transcription factor GATA- 
2. Nature 371: 221-226. 

Urbanek P., Wang Z.Q., Fetka I., Wagner E.F, and Busslinger M. 1994. Complete block 
of early B cell differentiation and altered patterning of the posterior midbrain in mice 
lacking Pax5/BSAP (see comments). Cell 79: 901-912. 

van de Wetering M., Oosterwegel M., van Norren K., and Clevers H. 1993. Sox-4, an Sry- 
like HMG box protein, is a transcriptional activator in lymphocytes. EMBO J. 12: 
3847-3854. 

van Ewijk W., Shores E.W., and Singer A. 1994. Crosstalk in the mouse thymus. Jmmunol. 
Today 15: 214-217. 

Vaziri H., Dragowska W., Allsopp R.C., Thomas T.E., Harley C.B., and Lansdorp P.M. 
1994. Evidence for a mitotic clock in human hematopoietic stem cells: Loss of telo- 
meric DNA with age. Proc. Natl. Acad. Sci. 91: 9857-9860. 

Wang J.H., Nichogiannopoulou A., Wu L., Sun L., Sharpe A.H., Bigby M., and 
Georgopoulos K. 1996. Selective defects in the development of the fetal and adult lym- 


Hematopoietic Stem Cells 327 


phoid system in mice with an Ikaros null mutation. Immunity 5: 537-549. 

Wang Z.Q., Ovitt C., Grigoriadis A.E., Mohle-Steinlein U., Ruther U., and Wagner E.F. 
1992. Bone and haematopoietic defects in mice lacking c-fos. Nature 360: 741-745. 

Weissman I.L. 2000. Stem cells: Units of development, units of regeneration, and units in 
evolution. Ce// 100: 157-168. 

Zhuang Y., Soriano P., and Weintraub H. 1994. The helix-loop-helix gene E2A is required 
for B cell formation. Cel] 79: 875-884. 


15 


The Hemangioblast 


Gordon Keller 


Institute for Gene Therapy and Molecular Medicine 
Mount Sinai School of Medicine 
New York, New York 10029-6514 


HISTORICAL PERSPECTIVE 


The name hemangioblast was first introduced by Murray (1932) to 
describe discrete cell masses that developed in chick embryo cultures and 
displayed both hematopoietic and endothelial potential. Although origi- 
nally used to describe groups of cells, the name hemangioblast is now 
used exclusively in reference to a single cell, the hypothetical precursor 
of the hematopoietic and endothelial lineages. The concept that these two 
lineages share a common precursor arose from observations of early 
embryos which indicated that the respective precursor populations devel- 
op in close spatial and temporal proximity in the yolk sac (Sabin 1920; 
Haar and Ackerman 1971). Detailed histological analysis revealed that 
commitment to the hematopoietic and endothelial lineages begins with 
the proliferation of a single layer of mesodermal cells in the presumptive 
yolk sac that results in the formation of cell clusters, known as mesoder- 
mal cell masses (Haar and Ackerman 1971). Cells within these mesoder- 
mal masses differentiate quickly and give rise to angioblasts, precursors 
of the endothelial lineage, and primitive erythroblasts, the first commit- 
ted hematopoietic cells. As these populations mature further, the 
angioblasts generate endothelial cells which rapidly establish the first 
vascular structure that surrounds the primitive erythroblasts. These clus- 
ters of developing endothelial and erythroid cells within the yolk sac, 
commonly referred to as blood islands, are found by the headfold stage 
of embryonic development in the mouse (day 8.0 of gestation) and repre- 
sent the first site of hematopoietic and vascular differentiation (Haar and 
Ackerman 1971). 

Since the hypothesis of the hemangioblast was first put forward, a 
number of studies have provided evidence in support of its existence. 
Despite this large body of evidence, however, a cell with the characteris- 


Stem Cell Biology © 2001 Cold Spring Harbor Laboratory Press 0-87969-575-7/01 $5 +. 00 329 


330 = G. Keller 


tics of the hemangioblast has not yet been isolated from developing 
embryos. The strongest evidence in support of the hemangioblast has 
come from studies using a model system based on the capacity of embry- 
onic stem (ES) cells to generate differentiated progeny in culture. 

The goal of this chapter is to review the evidence supporting the exis- 
tence of the hemangioblast and to outline a number of issues relating to the 
developmental status of a precursor with this potential. These issues 
include the site or sites of hemangioblast development, the relationship of 
the hemangioblast to mesodermal cells, the relationship of the heman- 
gioblast to the hematopoietic stem cell, and the developmental potential of 
the hemangioblast with respect to primitive and definitive hematopoiesis. 
As the hemangioblast is the putative ancestor of the hematopoietic and 
endothelial lineages, it should be present at sites in the embryo where both 
of these lineages develop. Thus, as part of the discussion of the heman- 
gioblast, it is important to review the sites and stages of hematopoietic and 
endothelial development in the embryo. 


DEVELOPMENT OF THE HEMATOPOIETIC AND 
ENDOTHELIAL LINEAGES: POTENTIAL SITES 
OF HEMANGIOBLAST DEVELOPMENT 


The Yolk Sac, an Extraembryonic Site of Hematopoiesis 


As indicated above, the blood islands in the yolk sac represent the first site 
of both hematopoietic and endothelial development in the embryo. 
Although the timing of blood island development was initially defined 
through histological analysis, the kinetics of hematopoietic commitment 
within the yolk sac has been analyzed more precisely through the use of 
sensitive colony-forming assays that measure precursor populations (Wong 
et al. 1986; Palis et al. 1999). This approach is advantageous because it 
defines cells by their potential to generate a colony in culture rather than by 
their morphology and therefore can identify a precursor before it displays 
any distinguishing characteristics of a maturing hematopoietic cell. On the 
basis of precursor analysis, it was found that hematopoietic commitment 
takes place in the developing yolk sac as early as day 7.0 of gestation at the 
mid-primitive streak stage of development, ~24 hours earlier than the 
appearance of the blood islands (Palis et al. 1999). 

As expected, precursors of the primitive erythroid lineage, the lineage 
present in the blood islands, are among the first to develop in the early 
yolk sac. Kinetic analysis revealed that these precursors are generated for 
a limited period of time (48 hours) and then are no longer detected in the 
yolk sac nor in any other tissue at any other stage of development (Palis 
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et al. 1999). This short yolk-sac-restricted stage of erythroid development 
is known as primitive hematopoiesis. All other hematopoietic activity, 
regardless of the site, is considered to be definitive hematopoiesis. 
Erythrocytes generated during the primitive hematopoietic stage of devel- 
opment are characterized by their large size, by the retention of their 
nuclei, and by the production of embryonic forms of globin (Barker 1968; 
Brotherton et al. 1979; Russel 1979). In contrast, definitive erythroid 
cells that are generated during the fetal liver and adult bone marrow 
stages of hematopoiesis are small, enucleated, and produce adult globins 
(Barker 1968; Brotherton et al. 1979; Russel 1979). With the onset of cir- 
culation, the yolk-sac-derived primitive erythrocytes enter the blood sys- 
tem where they persist until approximately day 16 of gestation. 
Although primitive erythroid cells represent the predominant mature 
hematopoietic population in the yolk sac, they are not the only 
hematopoietic cells generated in this tissue. Precursors of the macrophage 
lineage can be detected in low numbers as early as those of the primitive 
erythroid lineage (Palis et al. 1999). Definitive erythroid precursors are 
found by the 1-7 somite pairs (sp) stage of development (8.25 days), and 
those of the mast cell lineage by the 9-16 sp stage (8.5 days) (Palis et al. 
1999). Unlike the primitive erythroid precursors, the definitive precur- 
sors, for the most part, do not undergo complete maturation in the yolk 
sac environment. This population of definitive precursors likely migrates 
from the yolk sac and differentiates in other sites, possibly the fetal liver. 
The development of precursors from multiple lineages in the yolk sac 
suggests that multipotential stem cells with repopulating capacity should 
be present in this tissue. However, transplantation studies have shown that 
the early yolk sac contains few, if any, cells able to repopulate adult ani- 
mals (Miller et al. 1994). Repopulating stem cells are not readily detect- 
ed in the yolk sac until day 11 of gestation, shortly following their appear- 
ance in the embryo proper (Miller et al. 1994). These findings suggest 
either that stem cells do not exist in the yolk sac of the early embryo or 
that cells with this potential are present but, due to their embryonic stage 
of development, are unable to function in an adult environment. Evidence 
to support the latter interpretation has been provided by the transplanta- 
tion studies of Yoder et al. (1997). These investigators transplanted 
CD34"/c-Kit* yolk sac cells from 9-day-old embryos into the livers of 
newborn pups, reasoning that this environment retains fetal properties 
and therefore could be better suited to support the growth and develop- 
ment of these embryonic cells. Using this strategy, they were able to 
demonstrate that the CD34"/c-Kit” yolk sac population could repopulate 
the hematopoietic lineages of these pups and that these transplanted cells 
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persisted into adult life. When bone marrow from these animals was 
transplanted into secondary adult recipients, yolk-sac-derived stem cells 
were able to function in this environment and provide repopulation. In 
contrast, when the CD34*/c-Kit* yolk sac cells were transplanted directly 
into adult animals, they failed to show any repopulating potential. These 
findings strongly suggest that stem cells with repopulating potential are 
present in the yolk sac, but that they have to undergo specific maturation 
steps before they can function in an adult environment. 

Morphological analysis and gene expression studies have shown that 
the endothelial lineage is established at the same time as the early 
hematopoietic populations in the developing yolk sac (Sabin 1920; Haar 
and Ackerman 1971; Drake and Fleming 2000). The development of 
endothelial cells from mesodermal precursors at this site occurs through 
a process known as vasculogenesis and results in the establishment of the 
primary vascular system (Risau and Flamme 1995). 

The pattern of hematopoietic and endothelial development observed 
in the yolk sac provides the basis for several predictions regarding the 
putative hemangioblast. First, this precursor should be present prior to the 
development of these two lineages, sometime before or on day 7.0 of ges- 
tation. Second, it should have the potential to generate both the primitive 
and definitive hematopoietic lineages in addition to the endothelial lin- 
eage. 


Intraembryonic Sites of Hematopoiesis 


Hematopoietic activity shifts from the yolk sac to the developing fetal 
liver between days 10 and 12 of gestation, and with this shift, the system 
undergoes a change from one that generates a single mature lineage to 
one that displays multilineage differentiation (Metcalf and Moore 1971). 
Unlike yolk sac hematopoiesis where precursors develop in situ from 
mesoderm, fetal liver hematopoiesis is thought to be established by 
cohorts of stem/precursor cells that migrate into this tissue from other 
sites (Moore and Metcalf 1970; Metcalf and Moore 1971). Given that the 
yolk sac is the first site of hematopoiesis, it was assumed for many years 
that yolk-sac-derived precursors seed the liver (Moore and Metcalf 1970). 
Although it is likely that some hematopoietic activity found early in the 
fetal liver is of yolk sac origin, there is a considerable body of evidence 
which suggests that hematopoietic sites within the embryo proper, rather 
than the yolk sac, may be the major source of precursors that establish the 
fetal program (for review, see Dzierzak et al. 1998). 
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Studies carried out, initially in the chick (Dieterlen-Liévre 1975) and 
more recently in the mouse (Godin et al. 1993; Medvinsky et al. 1993), 
have defined a region near the aorta that displays hematopoietic potential 
at specific stages of development. This region is known as the para-aortic 
splanchnopleura (P-Sp) between 8.5 and 10 days of gestation and as the 
aorta-gonad-mesonephros (AGM) from days 10.5 to 12. Analysis of the 
hematopoietic potential of the P-Sp/AGM has demonstrated the presence 
of multipotential precursors as early as day 8.5 (Godin et al. 1995; Godin 
et al. 1999) and stem cells capable of repopulating adult recipients by day 
10.5 (Miller et al. 1994). Stem cells that are able to repopulate newborn 
pups have been detected in P-Sp/AGM by day 9.0 of gestation (Yoder et al. 
1997). Recent mapping studies have localized the hematopoietic potential 
of the AGM region to the aorta (Godin et al. 1999; de Bruijn et al. 2000). 
Although it is clear that the P-Sp/AGM contains multipotential progenitors 
and repopulating stem cells, extensive analyses have failed to detect sig- 
nificant numbers of committed precursors in this region (Godin et al. 
1999; Palis et al. 1999). This suggests that the P-Sp/AGM may represent 
an unusual site of hematopoietic development in that it supports the gen- 
eration of multipotential precursors and stem cells, but not their matura- 
tion and terminal differentiation. An alternative interpretation is that these 
precursors and stem cells do not develop in the P-Sp/AGM but rather have 
migrated to it from elsewhere, possibly the yolk sac. As all analyses of the 
yolk sac and P-Sp/AGM stem cell potential have been carried out follow- 
ing the onset of circulation, the ultimate origin of these populations is not 
yet resolved and remains an area of active investigation. 

The observation that the hematopoietic potential of the AGM associ- 
ates with the aorta suggests that this region could be a second site of 
hemangioblast development. The endothelial cells that give rise to the 
aorta begin to develop at approximately day 8 of gestation just prior to the 
appearance of the hematopoietic precursors in the embryo (Coffin et al. 
1991; Garcia-Porrero et al. 1995; Pardanaud et al. 1996). Studies in the 
chick have shown that the aorta is a mosaic tissue, composed of endothe- 
lial precursors derived from different mesodermal sites. The endothelial 
cells that form the roof and the sides of the aorta develop from paraxial 
mesoderm, whereas those found on the floor derive from the splanchno- 
pleural mesoderm (Pardanaud et al. 1996). Histological studies in the 
chick (Dieterlen-Liévre and Martin 1981), mouse (Garcia-Porrero et al. 
1995), and human (Tavian et al. 1996) have demonstrated the presence of 
clusters of hematopoietic cells in close association with, and often adher- 
ing to, the endothelial cells on the ventral surface (floor) of the aorta. The 
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hematopoietic nature of these clusters has been defined by surface mark- 
ers and by the observation that they are absent in Cbfa2“ mice that lack 
all definitive hematopoietic potential (Tavian et al. 1996; Wood et al. 1997; 
North et al. 1999). The observation that the appearance of these clusters 
coincides with the onset of hematopoietic activity at this site suggests that 
they are developing stem cells and precursors. As with the endothelial cells 
in this region of the aorta, the hematopoietic cells that form these clusters 
also appear to be derived from splanchnopleural mesoderm (Pardanaud et 
al. 1996). In addition to the aorta, hematopoietic clusters have also been 
identified in the vitelline and umbilical arteries, indicating that intraem- 
bryonic hematopoietic development may be associated with the major 
arterial regions of the embryo (Garcia-Porrero et al. 1995; Wood et al. 
1997; de Bruijn et al. 2000). The structure of these intraembryonic clusters 
differs from that of the yolk sac blood islands, but the close association of 
the hematopoietic and endothelial lineages in these regions of the embryo 
has led to speculation that they could be sites of hemangioblast develop- 
ment. These intraembryonic hemangioblasts would likely differ from their 
counterparts in the yolk sac in that they should be restricted to the defini- 
tive hematopoietic system, as there is no detectable primitive erythroid 
potential outside of the yolk sac (Palis et al. 1999). 


IN VITRO DIFFERENTIATION OF ES CELLS: 
A MODEL FOR EMBRYONIC HEMATOPOIESIS 
AND ENDOTHELIAL DEVELOPMENT 


Given the fact that hematopoietic precursors are present in the yolk sac as 
early as day 7.0 of gestation, the search for the hemangioblast should 
focus on this or slightly earlier stages of development. A significant prob- 
lem in isolating the yolk sac hemangioblast is the fact that the embryo is 
extremely small and difficult to access at this stage. 

As an alternative approach to studying early embryonic events, a 
number of groups have focused on the in vitro differentiation potential of 
ES cells as a model of yolk sac hematopoietic and endothelial develop- 
ment (Risau et al. 1988; Lindenbaum and Grosveld 1990; Burkert et al. 
1991; Schmitt et al. 1991; Wiles and Keller 1991; Wang et al. 1992; 
Keller et al. 1993; Nakano et al. 1994; Vittet et al. 1996). In appropriate 
culture conditions, ES cells will spontaneously differentiate and form 
colonies known as embryoid bodies (EBs) that contain many different 
types of precursors, including those of the hematopoietic and endothelial 
lineages (Doetschman et al. 1985; Keller 1995). A number of different 
studies have demonstrated that the hematopoietic and endothelial lineages 
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develop in a highly reproducible pattern within the differentiating EBs 
(Keller et al. 1993; Vittet et al. 1996). These reproducible patterns of lin- 
eage commitment enable one to access the respective precursors at spe- 
cific stages of differentiation. 

Although the ES/EB system does provide the advantage of precursor 
accessibility, it is only a useful model if it recapitulates the developmen- 
tal programs found in the normal embryo. Although it is difficult to inves- 
tigate all aspects of this issue, the following observations support the 
interpretation that the early events in hematopoietic and endothelial com- 
mitment within the EBs are similar to those found in the developing 
embryo in utero. First, precursor analysis has demonstrated that the prim- 
itive erythroid and macrophage lineages appear within the EBs prior to 
those of the definitive erythroid and other myeloid lineages, a develop- 
mental pattern which parallels that found in early yolk sac (Keller et al. 
1993). Moreover, as observed in the yolk sac, primitive erythropoiesis 
within the EBs is a transient developmental program. Second, expression 
studies on developing EBs have shown that mesoderm-specific genes are 
expressed earlier than those associated with hematopoietic and endothe- 
lial precursors, which in turn precede those that define specific 
hematopoietic lineages (Keller et al. 1993; Robertson et al. 2000). This 
temporal pattern of gene expression is consistent with the fact that the 
hematopoietic and endothelial lineages develop from mesoderm. Third, 
molecular analysis of endothelial development within the EBs indicates 
that genes essential to the early stages of lineage commitment are 
expressed prior to those that are involved in later stages of growth and dif- 
ferentiation (Vittet et al. 1996). Fourth, gene-targeting studies have pro- 
vided strong evidence indicating that similar molecular programs are 
involved in the development of the hematopoietic and endothelial lin- 
eages in the embryo and EBs (Tsai et al. 1994; Weiss et al. 1994; Porcher 
et al.1996; Elefanty et al. 1997; Robertson et al. 2000). Taken together, 
these observations strongly suggest that the early events involved in the 
establishment of the hematopoietic and endothelial lineages within the 
EBs are comparable, if not identical, to that of the yolk sac in the early 
embryo. As such, the ES/EB system provides an ideal model for the iden- 
tification and characterization of the hemangioblast. 


DOES THE HEMANGIOBLAST EXIST? 


Since the concept of the hemangioblast was first introduced, findings 
from numerous studies have provided evidence in support of its existence. 
This evidence ranges from observations that are consistent with the exis- 
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tence of the hemangioblast to studies that directly demonstrate the pres- 
ence of cells with both hematopoietic and endothelial potential. In addi- 
tion to studies that provide support for the concept of the hemangioblast, 
there is also experimental evidence that is difficult to incorporate into a 
model in which the hematopoietic and endothelial lineages share a com- 
mon precursor. In the following section, I review the experimental evi- 
dence for and against the existence of the hemangioblast. 


Evidence Supporting the Existence of the Hemangioblast 


One piece of evidence that is often used in support of the hemangioblast 
is the observation that the hematopoietic and endothelial lineages express 
a number of different genes in common, including CD34 (Young et al. 
1995), flk-1 (Millauer et al. 1993; Eichmann et al. 1997; Kabrun et al. 
1997), flt-1 (Fong et al. 1996), TIE2 (Takakura et al. 1998), scl/tal-1 
(Kallianpur et al. 1994), GATA-2 (Orkin 1992), and PECAM-1 (Watt et 
al. 1995). The fact that these lineages co-express these genes, many of 
which encode growth factor receptors or transcription factors, is not only 
consistent with the notion that they share a common precursor, but also 
suggests that similar molecular programs and growth regulatory mecha- 
nisms are involved in their development from it. Analyses of specific 
mouse and zebrafish mutants have provided evidence in support of this 
interpretation. In mice, gene-targeting studies have demonstrated that 
flk-1 (Shalaby et al. 1995, 1997), sclL/tal-1 (Robb et al. 1995; Shivdasani 
et al. 1995), and TGFB1 (Dickson et al. 1995) are essential for the normal 
development and growth of both lineages. In zebrafish the mutation 
known as cloche disrupts the development of hematopoietic lineages as 
well as the endocardium in the embryo (Stainier et al. 1995). 

A more direct approach to the identification of the hemangioblast uti- 
lizes surface markers as a means to isolate it. The following group of stud- 
ies has begun to pursue this strategy and has provided further evidence in 
support of the existence of this precursor. However, none has yet identi- 
fied a single cell that can give rise to both the hematopoietic and endothe- 
lial lineages. Eichmann et al. (1997) sorted VEGF receptor 2° (Flk-1°) 
cells from the mesoderm of the early chick gastrula and found that this 
population could generate both hematopoietic and endothelial progeny, 
suggesting that it contains the hemangioblast. Analyses of single sorted 
cells, however, demonstrated that they could generate either hematopoiet- 
ic or endothelial progeny, but not both, as different conditions were 
required for the development of these lineages. Consequently, it is diffi- 
cult to determine from this study whether this FIk-1* population contains 
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a mixture of lineage-restricted precursors or the bi-potential heman- 
gioblast. Nishakawa et al. (1998b) isolated mouse embryo yolk sac and 
P-Sp/AGM cells based on VE-cadherin expression and demonstrated 
multilineage hematopoietic potential in these populations. Because VE- 
cadherin was considered to be a marker of endothelial cells, these find- 
ings were interpreted as evidence that hematopoietic cells can develop 
from a specific subpopulation of endothelial cells with hemangioblast 
potential. Although these findings are consistent with the interpretation of 
a common cell for these lineages, this study failed to demonstrate any 
endothelial potential of the isolated VE-cadherin™ cells. Consequently, 
similar results would be obtained if a subpopulation of hematopoietic- 
restricted precursors also expressed VE-cadherin. Using an antibody 
against the receptor tyrosine kinase TEK, Hamaguchi et al. (1999) isolat- 
ed precursors from the AGM of day-10.5 embryos that could generate 
hematopoietic cells as well as cells with endothelial characteristics as 
defined by PECAM-1 expression. Given that single cells were analyzed, 
these findings suggest that these AGM-derived TEK* precursors are 
hemangioblasts. One concern with this interpretation is that hematopoiet- 
ic cells also express PECAM-1 (Watt et al. 1995). Consequently, a more 
in-depth characterization of the adherent cells, with a number of different 
markers, will be required to demonstrate that they are of the endothelial 
lineage and thus prove that these AGM-derived cells are indeed heman- 
gioblasts. In a more recent study, Hara et al. (1999) demonstrated that 
AGM cells isolated on the basis of podocalyxin-like protein 1 (PCLP1) 
expression displayed both hematopoietic stem cell and endothelial poten- 
tial, suggesting that this molecule could be a marker of the heman- 
gioblast. However, as clonal analysis was not carried out in this study, it 
is difficult to distinguish between the presence of restricted hematopoiet- 
ic and endothelial precursors and hemangioblasts in the population. 
Finally, cells with endothelial and hematopoietic potential have recently 
been isolated from the mobilized peripheral blood of humans using the 
marker AC133 (Gehling et al. 2000). Again, the lack of clonal analysis in 
this study does not allow one to distinguish between a population that 
contains restricted precursors and one that contains the hemangioblast. 
As an alternative approach to identifying the hemangioblast, Jaffredo 
et al. (1998) used marking studies to analyze the relationship of intraem- 
bryonic endothelial and hematopoietic cells. These investigators labeled 
endothelial cells in chick embryos with acetylated low-density lipoprotein 
(AcLDL) and then followed the fate of the marker over a 24-hour period. 
AcLDL uptake is a characteristic of endothelial cells and macrophages 
(Traber et al. 1981; Voyta et al. 1984). Hematopoietic cells were charac- 
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terized based on expression of CD45, and the appearance of CD45" LDL* 
cells was taken as evidence that hematopoietic cells developed from the 
marked endothelial cells. Although these findings are consistent with this 
interpretation, it is difficult to exclude the possibility that CD45” or 
CD45" immature macrophages or macrophage precursors took up the 
AcLDL independent of the endothelial cells and contributed to the CD45* 
LDL* population. Direct proof of a precursor/progeny relationship 
between these lineages will require clonal analysis. 

Taken together, these observations provide strong support for the con- 
cept that the hematopoietic and endothelial lineages develop from a com- 
mon precursor. They do not, however, prove that such a cell exists, because 
the same observations would support the interpretation that these lineages 
develop from separate precursors that express similar markers. 

The only direct evidence for the hemangioblast has been provided by 
studies which have incorporated clonal analysis and directly demonstrate 
that cells with hematopoietic and endothelial characteristics can develop 
from the same precursor. The most detailed analysis to date has come 
from studies using the ES cell in vitro differentiation system. We identi- 
fied a cell population in EBs at day 3.0-3.5 of differentiation that could 
generate colonies of undifferentiated blast cells in the presence of vascu- 
lar endothelial growth factor (VEGF) (Kennedy et al. 1997; Choi et al. 
1998). Functional analysis showed that these blast cell colonies contained 
primitive and definitive hematopoietic precursors as well as endothelial 
precursors. Cell mixing and limiting dilution studies demonstrated that 
these bi-lineage colonies derived from a single cell, the blast colony- 
forming cell (BL-CFC), which is present in EBs immediately prior to the 
onset of primitive erythropoiesis (Choi et al. 1998). The developmental 
potential of the BL-CFC is consistent with the interpretation that it repre- 
sents the in vitro equivalent of the yolk sac hemangioblast. Using a some- 
what different approach, Nishakawa et al. (1998a) demonstrated that sin- 
gle Flk-1" precursors isolated from ES differentiation cultures were able 
to generate cells with both hematopoietic and endothelial characteristics. 
These precursors, like the BL-CFC, appear to have the capacity to gener- 
ate both primitive and definitive hematopoietic progeny. The recent 
demonstration that BL-CFC are Flk-1* (Faloon et al. 2000) suggests that 
the populations in the two studies are the same. 

Although these studies have provided the most direct evidence for the 
existence of the hemangioblast, they have both utilized a model system 
that may or may not accurately reflect the early events in the normal 
embryo with respect to the development of this precursor. Applying the 
information obtained from these studies to the normal embryo should pro- 
vide the answer as to whether or not the hemangioblast does exist in vivo. 
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Evidence against the Existence of the Hemangioblast 


The previous section outlined a large body of experimental evidence 
which supports the concept that the hematopoietic and endothelial lin- 
eages develop from a common precursor. However, the fact that precur- 
sors with hemangioblast potential have not yet been isolated from devel- 
oping embryos raises the possibility that this cell does not exist. At least 
one recent study has provided evidence that is inconsistent with the con- 
cept of the hemangioblast. Kinder et al. (1999) mapped the fate of cells 
in the primitive streak isolated from the early, mid, and late stages of the 
mouse gastrula and found that mesoderm precursors that generate ery- 
thropoietic cells emerge earlier than those that establish the endothelial 
lineage. Simultaneous contribution to both the erythroid and endothelial 
populations in the same region of the yolk sac was rarely observed, sug- 
gesting that these lineages arise from restricted precursors that develop 
within the primitive streak. If these precursors are truly restricted as they 
emerge from the primitive streak, the existence of the hemangioblast in 
the yolk sac would certainly be brought into question. However, in this 
particular study, the erythroid and endothelial populations were defined 
only by morphological criteria, and the fate of the cells was followed for 
a relatively short period of time. Consequently, the possibility remains 
that immature cells of either lineage were not recognized or that other 
potentials would have developed beyond the time frame of the study. 


REGULATION OF HEMANGIOBLAST DEVELOPMENT 


Given the limited data demonstrating the existence of the hemangioblast, 
it may be somewhat premature to discuss the regulation of this precursor. 
Nevertheless, it is useful to review several aspects of the regulation of 
hematopoietic and endothelial lineage development, as these studies can 
provide insights into possible approaches for further characterization of 
the elusive hemangioblast. Although molecules involved in the generation 
and specification of mesoderm will certainly affect hematopoietic and 
endothelial development, the discussion in this section is limited to two 
specific genes, flk-1 and scl/tal-1, that appear to act at the earliest stages 
of commitment and differentiation of these lineages, possibly at the level 
of the putative hemangioblast. 

Flk-1, the VEGFR2 receptor, is required for the development of the 
hematopoietic and endothelial lineages in the early embryo, as mice lack- 
ing the receptor are unable to generate yolk sac blood islands (Shalaby et 
al. 1995). The defect in these animals is thought to result from the inabil- 
ity of Flk-1~~ mesodermal cells and/or hemangioblasts to migrate to the 
appropriate regions of the yolk sac rather than from a specific block in the 
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developmental pathway of these lineages. This interpretation is supported 
by the following observations. First, analysis of chimeric embryos 
demonstrated that Flk-1“~" ES-derived cells were unable to colonize the 
yolk sac, but rather accumulated on the surface of the amnion, a position 
where they are not normally found (Shalaby et al. 1997). Second, Flk-1~~ 
ES cells are able to generate hematopoietic cells following their differen- 
tiation to embryoid bodies in culture, a system in which cell migration 
and movement are less extensive than in the embryo (Schuh et al. 1999). 
Third, Flk-1~~ embryos were found to contain hematopoietic precursors 
when assayed at day 7.5 of gestation, indicating that the hematopoietic 
lineage is generated in vivo (Schuh et al. 1999). Taken together, these 
findings suggest that Flk-1 is expressed initially on a subpopulation of 
mesodermal cells and/or hemangioblasts that normally migrate to and dif- 
ferentiate within the developing yolk sac. The primary role of Flk-1 at this 
stage appears to be in the migration of these cells to the appropriate envi- 
ronment. 

The second gene known to play a role at the early stages of 
hematopoietic and endothelial development is scl/tal-1, a member of the 
helix-loop-helix family of transcription factors (Begley and Green 1999). 
Its role in the development of the putative hemangioblast is derived from 
the following observations. First, gene targeting studies have shown that 
scl/tal-1 is essential for the development of both primitive and definitive 
hematopoiesis as well as for the proper establishment of the primary cap- 
illary plexus in the yolk sac (Robb et al. 1995; Shivdasani et al. 1995; 
Visvader et al. 1998; Elefanty et al. 1999). Second, overexpression of 
scl/tal-1 in zebrafish embryos results in the expansion of cell populations 
expressing hematopoietic and endothelial markers (Gering et al. 1998). 
Third, overexpression of scl/tal-1 is able to rescue the hematopoietic and 
endothelial defects in zebrafish cloche mutant embryos (Liao et al. 1998). 
Fourth, in vitro differentiation of scl/tal-1"~ ES cells demonstrated that 
they are unable to generate hemangioblast-derived blast colonies (Faloon 
et al. 2000; Robertson et al. 2000). The developmental block appears to 
be just prior to the BL-CFC, as the scl/tal-1~ ES cells are able to gener- 
ate colonies referred to as transitional colonies that display pre-blast 
colony characteristics. These observations are consistent with the notion 
that scl/tal-1 plays a pivotal role in the development of the hemangioblast 
and that it could provide one of the earliest markers for this cell. 


QUESTIONS TO BE ADDRESSED IN FUTURE STUDIES 


As is evident from this review, the field encompassing the identification 
and characterization of the hemangioblast is an active area of research 


The Hemangioblast 341 


that is still very much in its infancy. Consequently, there are a large num- 
ber of issues and questions regarding the hemangioblast that need to be 
addressed in future studies. 

The first relates to the sites of hemangioblast development. Where 
does this precursor develop in the embryo, and is it restricted to embry- 
onic development? Clearly, the early yolk sac would be the first site of 
hemangioblast development. Kinetic studies defining the onset of 
hematopoiesis predict that the hemangioblast should be present within the 
developing yolk sac at approximately day 7.0 of gestation. Preliminary 
studies from our lab have shown that precursors able to generate blast 
colonies with primitive and definitive hematopoietic potential do indeed 
exist in the yolk sac at this stage of development (J. Palis and G. Keller, 
unpubl.). Further studies will be required to determine whether or not 
these colonies also have endothelial potential. A second embryonic site of 
hemangioblast development would be the AGM. The findings summa- 
rized above, demonstrating the presence of hematopoietic clusters associ- 
ated with the floor of the aorta and the expression of the same markers on 
hematopoietic and endothelial cells isolated from this region, support this 
interpretation. Future studies, incorporating clonal analysis and detailed 
functional studies on the progeny of single AGM-derived cells, will be 
required to demonstrate that the hemangioblast exists at this site. Other 
potential sites of hemangioblast development could be the fetal liver and 
adult bone marrow, tissues that support multilineage hematopoiesis. 
Evidence that adult human hematopoietic stem cells express KDR, the 
human equivalent of Flk-1 (Ziegler et al. 1999), and that both endothelial 
and hematopoietic precursors in mobilized peripheral blood express A133 
(Gehling et al. 2000) are consistent with this notion. However, as with the 
embryonic populations, clonal analysis demonstrating both hematopoiet- 
ic and endothelial potential will be required to prove the existence of the 
hemangioblast in the adult bone marrow. 

The second major issue relates to developmental potential of the 
hemangioblast. If hemangioblasts develop at different sites, do they have 
different potential? What is the relationship of the hemangioblast to 
mesodermal precursors? What is the relationship of the hemangioblast to 
the long-term repopulating hematopoietic stem cell? 

With respect to potential, the possibility that the yolk sac and the 
P-Sp/AGM are both sites of hemangioblast development suggests that 
subpopulations of these precursors exist. The yolk sac hemangioblast 
would be expected to generate both primitive and definitive hematopoiet- 
ic progeny, whereas the hemangioblast that develops in the P-Sp/AGM 
would likely be restricted to the definitive lineages (Fig. 1). Alternatively, 
there may be a single population of hemangioblasts whose potential is 
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regulated by the microenvironment in which it develops. This cell would 
generate both primitive and definitive hematopoietic cells in the yolk sac, 
but only definitive cells in the intraembryonic environments. A prediction 
of this model would be that the “definitive” hemangioblasts might be able 
to generate primitive erythroid cells, if placed back into a yolk sac envi- 
ronment. Evidence to support this interpretation has been provided by 
Geiger et al. (1998), who demonstrated that adult hematopoietic stem 
cells, when introduced into an embryonic environment, could reactivate 
embryonic globin gene expression. Although this study did not address 
this question at the level of a putative hemangioblast, it does raise the pos- 
sibility that cells with primitive erythroid potential may exist outside the 
yolk sac. 

The rapid commitment to the hematopoietic and endothelial lineages 
in the developing yolk sac following the onset of gastrulation indicates 
that the distinction between mesoderm and the hemangioblast may be 
subtle and difficult to define. Expression of Flk-1 within a subpopulation 
of mesoderm may represent the first commitment step toward the 
endothelial and hematopoietic lineages. As these FIk-1* mesodermal cells 
migrate toward the extraembryonic region that will form the yolk sac, 
they may undergo differentiation to the hemangioblast and subsequently 
to angioblasts and primitive erythroid precursors. If this proposed 
sequence of events is accurate, it is possible that the hemangioblast stage 
is very short-lived and takes place before the cells actually colonize the 
region of the developing yolk sac that will give rise to the blood islands. 
Consequently, a detailed analysis of different Flk-1* regions of the 
embryo at various stages of early development might be required to iden- 


[P-spmcm| 


Se 
= 


Figure 1 A model depicting hemangioblast commitment and development in the 
yolk sac (A) and the P-Sp/AGM (B). 
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tify the hemangioblast in vivo. 

Given the fact that the hemangioblast is hypothesized to develop ear- 
lier than other hematopoietic lineages, it should in theory represent the 
precursor to all hematopoietic cells including the long-term repopulating 
stem cell. As such, it can be considered a pre-stem cell. The developmen- 
tal progression observed in both the yolk sac and P-Sp/AGM, whereby 
cells able to repopulate a newborn pup appear before those that can func- 
tion in an adult animal, would support the notion that pre-hematopoietic 
stem cells do exist and that the adult long-term repopulating stem cell is 
not the most immature in the system. If the hemangioblast represents the 
most immature precursor within the hematopoietic system, it likely would 
not display any repopulating potential, at least in an adult environment. 
The hemangioblast would first have to undergo a series of maturation 
events to generate the newborn repopulating stem cell, which in turn 
would give rise to the adult repopulating stem cell (Fig. 1). Given this pre- 
dicted potential, the hemangioblast would represent an outstanding source 
of hematopoietic stem cells. Studies aimed at identifying the heman- 
gioblast at different stages of development will determine whether this 
model is correct. 
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We define stem cells broadly as those cells that give rise to progeny with 
more than one differentiated phenotype and that may be greatly expand- 
ed in an undifferentiated form. This differs from a “progenitor cell,” 
which gives rise to a single cell lineage only. Human mesenchymal stem 
cells (hMSCs) are isolated from bone marrow and expanded ex vivo. 
Flow cytometry using many different surface markers has demonstrated 
the expanded population to be >98% homogeneous and in defined in 
vitro assays these cells readily differentiate to multiple connective tissue 
lineages, including osteoblasts, chondrocytes, and adipocytes (Fig. 1) 
(Pittenger et al. 1999). In vivo implantation of these cells at orthotopic 
sites will also yield tissues in these lineages. Additionally, cultured 
hMSCs either produce, or can be induced to produce, cytokines for sup- 
port of hematopoietic cells (Majumdar et al. 1998; Cheng et al. 2000). 
Cocultures of the MSCs with hematopoietic stem cells (HSCs) demon- 
strated that hMSCs or adipogenic hMSCs can support the in vitro main- 
tenance, and even expansion, of HSCs, suggesting hMSCs serve as func- 
tional stroma (Thiede et al. 2000). In addition, conditions that produce 
myogenic differentiation of rat MSCs have been reported (Saito et al. 
1995), and hMSCs show similar behavior but perhaps less efficiently. 
MSCs with similar potential have been isolated from other species as 
well, and those isolated from rabbits differentiated to tenocytes to pro- 
duce a suitable replacement for severed tendon with excellent biome- 
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Figure 1 hMSCs are capable of differentiating into multiple mesenchymal lin- 
eages. This diagram depicts the lineages into which hMSCs have been shown to 
differentiate and shows that the cells move through stages of differentiation that 
involve several layers of commitment and alterations in gene expression before 
becoming a mature differentiated cell type. 


chanical stability (Young et al. 1998). The rabbit MSCs were also shown to 
form suitable cartilaginous grafts when implanted in defects in the femoral 
condyle (Wakitani et al.1994). We therefore refer to the adherent, marrow- 
derived human cells which can be expanded ex vivo as a homogeneous pop- 
ulation shown to give rise to multiple differentiated connective cell types, 
as human mesenchymal stem cells (hMSCs), a term first used by Arnold 
Caplan (1991). In this chapter, we present a discussion of the development 
of hMSC technology and offer some perspectives for the future. 


HISTORICAL BACKGROUND 


Medical interest in the mechanisms of wound healing is long-standing. 
The body’s limited ability to regenerate damaged tissue has engendered 
interest in the nature of cells involved in wound repair. The appearance of 
a repair blastema in the amputated amphibian, the remodeling granulation 
tissue familiar to the surgeon, and the bone callus formation that follows a 
fracture all involve extensive expansion of unstructured disorganized cells, 
followed by a period of remodeling. Historically, experimental research for 
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the purpose of defining the cellular events that occur at a wound site have 
been conducted for well over a century. Early experimental work was lim- 
ited to histology and microscopic observation of repairing or transplanted 
tissues, because tissue culture methods were quite limited. 

Very early, it was recognized that there were at least two classes of 
cells at a wound—blood cells and fibroblasts. Leukocyte diapedesis, the 
movement of cells out of blood vessels and into tissues, was proposed to 
be a source of repair cells (Cohnheim 1890), but other researchers main- 
tained that repair cells arose from within the damaged tissue. Early this 
century, Marchand (1901) described in detail the histological changes that 
take place during wound healing, and local, tissue-dwelling, inactive 
fibroblasts referred to as fibrocytes were implicated to contribute to regen- 
erating connective tissues (Maximow 1928). Other investigators have 
reviewed and updated what is known of the cellular events in a regenerat- 
ing wound (see Arey 1936; Harvey 1949; Allg6wer 1956). In experimen- 
tal work on new bone formation, Huggins (1931) described the generation 
of bone when fascia tissue was transplanted to the bladder epithelium. The 
histology revealed new bone tissue, again raising the question of which 
cell types were responsible for the new tissue. Cell-based experimentation 
prior to established cell culture methods and antibiotics was limited, and a 
lack of standardized reagents, such as antibodies for cell characterization, 
was another obstacle in early studies of tissue regeneration. Nevertheless, 
many of the concepts and fundamental questions about regenerative heal- 
ing, dedifferentiation of functional cells, and the mobilization of quiescent 
resident cells had been framed by the early part of the 20th century. 

Experiments on the biological effects of radiation gave clues to poten- 
tial sources of regenerative cells. The experiments of Jacobson et al. 
(1949) showed that shielding the spleen from radiation allowed the sur- 
vival of lethally irradiated animals. Subsequently, it was shown that a sim- 
ilar effect could be achieved by providing an injection of spleen or bone 
marrow cells to the irradiated animals, thus preventing hematological 
insufficiency (Lorenz et al. 1951). Such work continued through the 
1960s and 1970s, leading to the development of therapeutic bone marrow 
transplantation (for review, see Thomas and Blume 1999). The identifica- 
tion and characterization of the transplantable cells in bone marrow 
responsible for survival implicated the nonadherent, hematopoietic stem 
cells as necessary to provide the functional myeloid and lymphoid lineage 
cells needed throughout the life of an individual (Chapter 13). These 
experiments demonstrated that bone marrow contained regenerative cells 
for the hematopoietic system but did not address the source of cells for 
connective tissue regeneration. This work also suggested that, in adult 
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mammals, stem cells responsible for connective tissue regeneration are 
distinct from hematopoietic stem cells. 

Early experimental evidence that a multipotential connective tissue 
stem cell exists and could be isolated and cultured from mammalian tissue 
came from mouse studies. In these experiments, testes-derived murine ter- 
atomas were transplanted into the peritoneal cavity of recipient mice 
(Stevens 1959). Here the transplanted tissue formed organized embryoid 
bodies containing a variety of tissue types. Stevens pursued the cells that 
could produce these teratomas and identified the primordial germ cells of 
the genital ridge as the source of the cells (Stevens 1970). These cells were 
the first cells to be named pluripotent embryonic stem cells, later referred 
to more commonly as embryonal carcinoma (EC) cells. These EC cells 
were propagated as an ascites tumor for many years. Mintz and Illmensee 
(1975) injected these EC cells into developing blastocysts and, remarkably, 
produced healthy mosaic mice. The cells could be found in most tissues 
and expressed gene products not previously seen in the teratomas, demon- 
strating that they retained potential beyond that seen in vitro. The use of 
teratocarcinomas to study developmental processes has become a well- 
developed experimental system (see Robertson 1987). The fact that cloned 
EC cell lines produced multiple types of mesenchymal tissues also sug- 
gested the presence of a normal mammalian cell with the potential to dif- 
ferentiate to multiple mesenchymal lineages. 

Other experiments performed in the 1950s and 1960s, involving the 
transplantation of whole bone marrow to ectopic sites, demonstrated the 
dramatic osteogenic potential of cells from this tissue (Urist and McLean 
1952; Tavassoli and Crosby 1968). Bone marrow stroma is a well-orga- 
nized sinusoidal tissue composed of several cell types. It is found 
throughout the medullary cavities of long bones, vertebral spongiosa, hip 
bone, and ribs and forms one of the largest tissues in the body. At the time 
of this research, scientists had not cultured cells from bone marrow for 
the generation of differentiated cells and tissue. 

Alexander Friedenstein and colleagues pursued the isolation of the 
bone marrow cells responsible for this osteogenic response. In a series of 
papers, they reported the characterization of fibroblast colony-forming 
cells (FCFC) from the bone marrow of guinea pig (Friedenstein et al. 
1966, 1968, 1970; Friedenstein 1976). These cells could be cultured in 
vitro and were subsequently tested in vivo for their osteogenic potential. 
The cultured population of fibroblastic cells was placed into diffusion 
chambers, to rule out the host tissue as a source of progenitor cells, and 
implanted intraperitoneally. Following several weeks of in vivo culture, 
the researchers were able to demonstrate histologically that the cultured 
fibroblastic marrow cells gave rise to bone. They were able to attribute the 
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ectopic osteogenesis to the bone marrow cells and termed them 
osteogenic precursor cells (OPCs). Thus, fibroblastic, adherent bone mar- 
row cells were recognized to form bone. 

Prominent work by Maureen Owen and colleagues further developed 
this concept. These researchers isolated rabbit bone marrow stromal cells 
and consistently showed the generation of bone and cartilage in diffusion 
chambers implanted intraperitoneally in host animals (Ashton et al. 1980). 
The osteocytes and chondrocytes derived from the cultured bone marrow 
fibroblasts were indistinguishable in appearance from those found in the 
skeleton in vivo. Many believed that the presence of cartilage with bone 
was indicative of osteogenic activity, rather than separate activities. 

At about this time, Castro-Malaspina et al. (1980) isolated FCFC from 
human bone marrow and characterized their in vitro characteristics. The 
human fibroblastic marrow cells had strong adherence properties, similar to 
bone marrow monocytes, but were not phagocytic, and were therefore dis- 
tinguished from macrophages. Culturing with tritiated thymidine of high 
specific activity immediately after attachment failed to reduce the number 
of cell colonies, showing that, at isolation, the cells were not actively 
cycling. The marrow fibroblasts did not produce factor VIII, basement 
membrane collagen, Weibel-Palade bodies, or growth factors supporting 
granulocytes and macrophages, thus distinguishing them from endothelial 
cells. Their cellular characterization substantiated for human bone marrow 
fibroblasts, also called colony forming units-fibroblastic (CFU-F), many of 
the findings of cells from guinea pig and rabbit bone marrow. However, 
they did not investigate the differentiation of the isolated CFU-F. 

The stem cells of the bone marrow stroma are generally thought to be 
in a resting state and have a low turnover. As well as stem cells, it is 
thought that bone marrow contains committed progenitor cells for specif- 
ic cell types that take part in tissue renewal. There may be situations where 
trauma stimulates tissue regeneration. As Friedenstein points out, there is 
a special problem in identifying stem cells in resting marrow, as well as in 
regenerating tissues where stem cells and progenitor cells in the microen- 
vironment both take part in the renewal process (Friedenstein 1976). The 
histology tools remain largely inadequate to distinguish stem cell parent 
and immediate offspring in most tissues. Exceptions to this are epithelial 
tissue, such as skin, and the intestinal brush border, where the organized 
position of cells explains their history (see Chapters 19 and 22). 


MARROW STROMAL CELLS OR MESENCHYMAL STEM CELLS 


Bone marrow stroma is a complex tissue with the function of supporting 
hematopoiesis. It encompasses a number of cell types and maintains the 
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undifferentiated HSC and supports differentiation of erythroid, myeloid, 
and lymphoid lineages. There are adherent macrophages and other 
mononuclear cells of hematopoietic lineage, including some phagocytic 
cells and other antigen-presenting (dendritic) cells. There are mesenchy- 
mal cells, such as osteoblasts, adipoblasts, and more differentiated forms 
of these. There are endothelial cells, which may arise from a heman- 
gioblast or other endothelial cell precursor. Bone marrow stroma promotes 
cellular differentiation to these specific lineages while also maintaining 
stem and progenitor cells. For example, erythrocytes and megakaryocytes 
are actively produced in bone marrow stroma, whereas many mesenchy- 
mal tissues, such as muscle, tendon, ligament, and articular cartilage, are 
not produced here. Therefore, bone marrow may actively maintain the 
undifferentiated state of HSCs and MSCs. “Marrow stromal cells” infers a 
complex mixture of uncharacterized cells. Therefore, the name human 
mesenchymal stem cell or hMSC more accurately reflects the potential of 
the isolated, culture-expanded cells we study. 

Over the years, a number of investigators have isolated and cultured 
fibroblastic cells from bone marrow, and the name marrow stromal cell has 
been used frequently. Although the source may be the bone marrow, it is 
important to characterize the isolated cells, and it is unlikely that all fibro- 
blastic cells grown from bone marrow are either marrow stromal cells or 
mesenchymal stem cells. These names imply functional roles that need to be 
demonstrated, in order to properly define their cellular phenotype or poten- 
tial. The identity or interrelated nature of cells isolated in different labs 
should be tested with the same methods and reagents, to the extent possible. 


SURFACE MARKERS ON hMSCs 


The expression of cell-surface proteins is often used in the characteriza- 
tion of different cell types. These surface molecules are variously respon- 
sible for hetero- and homotypic interactions among cell types and also 
serve as receptors for growth factors, cytokines, or extracellular matrices. 
We have extensively analyzed the expression of cell-surface receptors on 
hMSCs by reverse transcriptase-polymerase chain reaction (RT-PCR) 
analysis of mRNA and confirmed the results by flow cytometry. Many 
classes of cell surface molecules were present, and a partial list of hMSC 
surface molecules is shown in Figure 2. The absence of certain surface 
molecules also helps to characterize the hMSCs. Notable is the lack of 
expression on the culture-expanded hMSCs of the hematopoietic markers 
CD14, CD34, and CD45, or the endothelial markers von Willebrand fac- 
tor and P-selectin. Although no specific surface molecule has been found 
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Cytokine Receptors 
IL-1R, IL-3R, IL-4R, IL-6R, IL-7R 


Extracellular Matrix Receptors 
ICAM-1, ICAM-2, VCAM-1, ALCAM, Endoglin, Hyaluonate Receptor 
Integrins a1, 02, 03, @A, aV, B1, B2, B3, B4 


Growth Factor Receptors 
BFGFR, PDGFR 


Other Receptors 

Thy-1, IFNyR, TGFBR, TNFR 
Figure 2 hMSC surface markers. The expression of surface molecules on hMSCs 
was first tested by RT-PCR and then confirmed by using fluorescent antibodies 
and flow cytometry. This is a partial list of positive results. 


that unequivocally identifies the hMSC, the list of surface molecules 
gives clues to the signals and interactions that may stimulate responses 
and cellular differentiation. 


CLONAL GROWTH OF MSCs 


The intrinsic growth potential of MSCs has been investigated by analyzing 
the clonal growth of the isolated marrow cells. CFU-F is probably the most 
commonly used name associated with clonal studies of marrow-derived 
cells, but other names have been used, including FCFC, OPC, and marrow 
stromal cell. It has been recognized that explanted marrow stromal cells 
attached to a culture surface establish colonies only slowly (several days). 
This may happen for several reasons: the cells being quiescent initially 
upon explantation, or needing to overcome the explant stress or adjust to 
in vitro culture conditions. Perhaps there is a negative cell cycle regulator 
present in the dormant MSC in situ that must undergo turnover before 
rounds of mitosis can begin in the explanted cells. Explant cultures of bone 
marrow stroma may contain small groups of cells that are initially dor- 
mant, but which then begin rapid proliferation (Friedenstein 1976). Data 
presented recently also demonstrated that at low cell densities, single 
hMSCs in culture may undergo apoptotic cell death prior to colony for- 
mation (Van den Bos et al.1998). Therefore, there may be autocrine and 
paracrine factors produced by hMSCs, or elements of the stromal environ- 
ment in situ, that provide survival signals to the cells. Apoptosis is an 
important and normal process in mesenchymal cells during embryonic 
development and is known to occur during digit development and endo- 
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chondral ossification (Zou and Niswander 1996; Amling et al. 1997). 

Despite the possibility of apoptotic events, many researchers have 
isolated clones of marrow stromal cells in order to study their intrinsic 
properties. Colony formation by marrow stromal cells has been exten- 
sively studied in guinea pig and rabbit (Friedenstein et al. 1970; 
Friedenstein 1976; Ashton et al. 1980; Owen et al. 1987; Owen and 
Friedenstein 1988). Clonal analysis of rabbit marrow stromal cells indi- 
cated epidermal growth factor would increase colony size and reduce the 
spontaneous expression of the osteogenic marker alkaline phosphatase 
(Owen et al. 1987). A number of investigators have found difficulty in 
isolating homogeneous populations of mouse MSCs while Phinney and 
coworkers have reported on their success with certain strains of mice 
(Phinney et al. 1999). Using serum-deprived conditions, dexamethasone 
and L-ascorbate were found to be required for colony formation of human 
bone marrow-derived stromal cells, and their growth was most responsive 
to platelet-derived growth factor and epidermal growth factor (Gronthos 
and Simmons 1995). Quarto and colleagues demonstrated that their pri- 
mary cultures of human osteogenic precursors (referred to as bone mar- 
row stromal cells) grown in the presence of FGF-2 expanded faster and 
retained a strong osteogenic phenotype (Martin et al. 1997). Robey and 
colleagues isolated 34 individual clones from marrow-derived cells and 
utilized in vivo differentiation to evaluate their osteogenic potential 
(Kuznetsov et al. 1997). These investigators found that 20 clones, or 58%, 
produced bone after 8 weeks when seeded onto porous ceramic carriers 
and implanted, suggesting that perhaps not all human CFU-F from bone 
marrow will become osteocytes. 

We demonstrated that cells isolated from bone marrow were homo- 
geneous for multiple surface receptors and that they would differentiate 
with high fidelity to either the osteogenic, adipogenic, or chondrogenic 
lineages. Other experiments demonstrated that these cells could serve a 
stroma role for the support of HSCs. However, there was still the formal 
possibility that unrecognized subpopulations of cells were giving rise to 
the differentiated phenotypes. Therefore, we utilized clonally derived 
hMSCs and the osteogenic, adipogenic, and chondrogenic differentiation 
assays to demonstrate that clonally derived hMSCs undergo differentia- 
tion to these three lineages. Of 6 clonally derived populations that were 
tested, 3, or 50%, of these differentiated to all three lineages, whereas 2 
went to the adipo and osteo lineages, and 1 became osteogenic. That at 
least half of the highly expanded cell populations went to all three lin- 
eages established that they were derived from true multipotential stem 
cells for at least these mesenchymal lineages (Pittenger et al. 1999) and 
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warrant the name human mesenchymal stem cells. The fact that not all 
clonally derived populations differentiated to the three lineages may be 
due to many factors related to clonal expansion and the very late passage 
number of these highly expanded cells, and further improvements may be 
possible. In other experiments utilizing clonally derived hMSCs, Seuven 
and colleagues noted that all 24 clonally derived populations analyzed 
were osteogenic, 16 of them also showed adipogenic differentiation, and 
12 of these were chondrogenic as well (C. Halleux et al., pers. comm.). 

Colony-forming ability of hMSCs has been used to assess propagation 
and predict their differentiation ability (DiGirolamo et al. 1999). 
Interestingly, the initial growth rate of some marrow-derived progenitor 
cells was seen to be affected by the plating density, and very low cell den- 
sity gave a rapid expansion of at least some cells (Colter et al. 2000). 

As stem cells, hMSCs can be expanded many fold and retain their 
ability to differentiate. Expanding a single hMSC to one million cells rep- 
resents 21 population doublings, and the progeny of at least some of the 
cells initiating colonies retain their multipotentiality. We have analyzed 
the karyotype of passage12 hMSCs that have undergone ~30 population 
doublings and found no chromosomal aberrations. Can hMSCs _ be 
expanded indefinitely? Currently, there are limitations on the expansion 
of hMSCs, as noticed in the slowing of their overall growth rate and 
changes in the population of these highly expanded cells, the emergence 
of large flattened cells that do not appear to divide. Whether conditions 
can be found that allow unlimited expansion of hMSCs remains to be 
determined. However, for research or clinical purposes, it is not neces- 
sary, as large numbers of multipotential hMSCs can be isolated with cur- 
rent procedures. We have used a 25-ml bone marrow aspirate to produce 
as many as one billion hMSCs by passage 3, and further expansion is cer- 
tainly possible (Pittenger et al. 1999). 

One hypothesis of the aging process and the failure to regenerate 
damaged tissue in aged individuals is that stem cells are lost as part of 
aging. Clonal growth also has been used to assess the abundance of pro- 
genitor cells in aging populations (Quarto et al. 1995; Oreffo et al. 1998), 
and formation of CFU-F colonies from bone marrow in these persons 
appears to be consistent with this decrease in progenitor cells in the later 
decades of life. 


OSTEOGENESIS IN POROUS CERAMIC IMPLANTS 


Early experiments using diffusion chambers that excluded the host cells 
demonstrated that the implanted cultured marrow cells produced the mes- 
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enchymal tissues found therein, but the chambers often showed fibrous 
tissue rather than bone or cartilage. An alternative approach was offered 
by Caplan and colleagues, who utilized porous ceramic materials com- 
posed of hydroxyapatite/tricalcium phosphate similar to normal bone as a 
vehicle for the cultured cells (Goshima et al. 1989). Ceramic material, on 
which rat bone marrow-derived cells were seeded, was implanted subcu- 
taneously and consistently produced bone when harvested at 4 weeks or 
later, and cartilage was sometimes noted as well. Implants with cultured 
skin or muscle fibroblasts produced only fibrous tissue with no dis- 
cernible bone or cartilage. A similar assay was utilized to isolate adherent 
human marrow cells with the potential to form bone and cartilage, 
enabling further characterization of the human MSC (Haynesworth et al. 
1992). Triffitt and colleagues showed that marrow-derived cells implant- 
ed on ceramic carriers were reproducibly osteogenic, whereas the cells in 
their implanted diffusion chambers rarely produced bone unless they were 
cultured in the presence of dexamethasone (Gundle et al. 1995). Thus, the 
use of the osteoconductive ceramic implants provided a more repro- 
ducible method to characterize properties of the isolated hMSCs and 
served as an assay for the selection of fetal calf serum that supports the 
selective growth of hMSCs (Haynesworth et al. 1992; Lennon et al. 
1996). We have used the appearance of cartilage and bone in these in vivo 
implants, as well as results of in vitro chondrogenic, adipogenic, and 
osteogenic assays, to score fetal bovine serum lots from several vendors. 
Until a composition of growth factors and cytokines is defined for the in 
vitro selection and expansion of multipotential hMSCs, this rather tedious 
method of screening lots of serum will continue. 


OSTEOGENIC DIFFERENTIATION OF hMSCs 


The culture of bone marrow-derived fibroblastic cells has allowed assess- 
ment of their osteogenic potential by using diffusion chambers and 
implantation. In vitro approaches to osteogenic assessment have been 
developed as well and allow greater experimental manipulation of the 
cells under study. Avioli and coworkers isolated human bone marrow stro- 
mal cells and tested the effects of dexamethasone on their osteogenic dif- 
ferentiation as measured by the increase in alkaline phosphatase activity, 
calcium mineralization of the extracellular matrix, and responses to 
parathyroid hormone (Cheng et al. 1994). Kim et al. (1999) also investi- 
gated the dexamethasone response on the secretion of cytokines by mar- 
row-derived osteogenic cells. The responsiveness of the cells to dexa- 
methasone demonstrated the effects that glucocorticoids may have on 
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maturation of osteogenic cells and glucocorticoid-induced bone loss. 
Bruder and colleagues have investigated the in vitro conditions producing 
osteogenic differentiation of hMSCs (Jaiswal et al. 1997). They also stud- 
ied osteogenic differentiation following extensive in vitro cultivation and 
cyropreservation (Bruder et al. 1997). These studies demonstrated that the 
hMSCs could be cultivated for more than 35 population doublings before 
slowing their growth rates or becoming enlarged and flattened, telltale 
signs of cellular aging. The osteogenic potential of the cells was retained 
into late culture, suggesting that hMSCs may provide a source of 
osteoblastic cells over one’s lifetime. Furthermore, cyropreservation in 
liquid nitrogen maintained the differentiation potential of the hMSCs, 
opening up the potential for an expanded, preserved hMSC preparation 
for therapeutic purposes. 

To test the feasibility of healing a substantial bone defect in vivo, 
Bruder et al. (1998b) removed a section in the femur of athymic rats and 
implanted a ceramic carrier seeded with human MSCs. A substantial 
repair blastema was seen by x-ray, and the healing progressed over 8-12 
weeks to create new bone histologically. The hMSC-repaired femurs were 
subjected to biomechanical torsion testing and found to have excellent 
mechanical properties. 


CHONDROGENIC DIFFERENTIATION OF hMSCs 


Formation of cartilage by bone marrow stromal cells was initially demon- 
strated by placing in-vitro-cultured guinea pig marrow-derived cells in 
diffusion chambers and implanting them in the peritoneal cavity 
(Friedenstein et al. 1968). A few of the chambers showed the presence of 
cartilage histologically. Similarly, the use of ceramic carriers with cul- 
tured marrow stromal cells also produced mostly bone with some carti- 
lage. It was suggested that cells in the closed-end pores of the carrier 
would tend to form cartilage while cells in the interconnected pores 
favored bone formation. Osteogenic differentiation may be aided by inva- 
sion of the carrier by host blood vessels and hematopoietic elements, 
which does not seem to occur in the dead end pores. 

Primary chondrocytes can be isolated from explants of articular car- 
tilage. In culture, chondrocytes lose their characteristic phenotype, lose 
collagen type II expression, adopt a fibroblastic appearance, and prolifer- 
ate. Dedifferentiated chondrocytes in culture can be induced to resume a 
chondrogenic phenotype in vitro by a variety of methods. When applied 
to the hMSCs, these methods worked poorly. However, Ballock and Reddi 
(1994) described an effective system for investigating hypertrophic dif- 
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ferentiation of rat chondrocytes that proved effective for inducing chon- 
drogenic differentiation of rabbit MSCs (Johnstone et al. 1998) or hMSCs 
(Barry et al. 1997; Mackay et al. 1998; Yoo et al. 1998). In this method, 
the cultured hMSCs are placed in suspension in a polypropylene culture 
tube and gently spun in a centrifuge. The hMSCs do not attach to the 
polypropylene, but adhere to one another to form a single cell mass after 
24 hours that can be resuspended and free-floating. When cultured in a 
serum-free medium containing TGFB3 for 2-3 weeks, the cells express an 
extensive extracellular matrix rich in cartilaginous proteoglycans and type 
II collagen. Our work initially utilized low-glucose medium for growth as 
well as hMSC differentiation to the osteo- or adipogenic lineages. 
However, we found that switching from low-glucose (1 g/l) to high-glu- 
cose (4.5 g/l) medium in this high-density pellet culture system resulted 
in greater cell survival and yielded a consistent and robust chondrogenic 
response for hMSCs (Mackay et al. 1998). Moreover, the hMSCs could 
be further induced to undergo hypertrophic differentiation, reminiscent of 
in vivo events in maturing cartilage. Therefore, whereas osteogenic or 
adipogenic differentiation of hMSCs occurs in monolayer culture in the 
presence of fetal bovine serum, chondrogenic differentiation conditions 


A 


Figure 3 The hMSCs undergo chondrogenic differentiation in a consolidated 
micromass culture. The hMSCs are subjected to gentle centrifugation in a 
polypropylene culture tube in a serum-free medium containing 10 nM TGFB3. 
The cells consolidate in about 24 hr to form a cell pellet about 1 mm in diame- 
ter, as shown in the upper part of A. Over 2—3 weeks, the pellet becomes enlarged 
due to the expression and accumulation of chondrocytic extracellular matrix mol- 
ecules (lower part of A). When the pellet is sectioned at about 2 weeks and 
stained for the expression of type II collagen (B), differentiation begins at sever- 
al sites. Later, the expression of type II collagen can be seen throughout the car- 
tilaginous cell pellet with the center region the last to differentiate (C). Bars in 
each panel, 1 mm. 
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utilize three-dimensional cultures at high cell density, TGFB3, dexam- 
ethasone, and the absence of serum. 

It is interesting to note the progression of chondrogenic differentia- 
tion of hMSCs in the pelleted cell mass over a 3-week period. As seen in 
Figure 3, histological sections show there is an outer flattened layer of 
cells perhaps 5—10 cell layers thick, and inside this layer the cells appear 
amorphous. The first MSCs to stain positive for type II collagen are the 
cells that lie at the interface between the outer flattened cells and the 
amorphous inner cells, and differentiation begins at multiple sites simul- 
taneously. During the first week, there is little change in the size of the 
cell pellets, but during the second and third weeks of culture, the pellets 
usually enlarge 2- to 3-fold. Chondrogenesis appears to expand from the 
sites of initiation. The outer flattened cells, reminiscent of a perichondri- 
um, become positive for type II collagen and the cells at the center appear 
to be the last to differentiate. 

Chondrogenic differentiation in pellet culture is limited to between 
50,000 and 300,000 hMSCs, the higher number producing an initial cell 
mass about 1 mm across. Larger masses tended to fragment. An alterna- 
tive is to culture the MSCs in an alginate or hyaluronan matrix in the 
medium described above (K. Kavalkovich and F. Barry, pers. comm.). 
This method is capable of producing a layer of chondrogenic hMSCs that 
is amenable to biomechanical testing, as well as biochemical analysis. 
The robust chondrogenic differentiation of hMSCs in vitro suggests that 
they will prove useful for the development of therapeutic treatments for 
cartilage damaged by trauma or disease. 


OSTEOGENESIS-ADIPOGENESIS RELATIONSHIP 


Adipocytes are mesenchymal in origin. We have investigated the potential 
of isolated hMSCs to differentiate to this lineage (Pittenger 1998; 
Pittenger et al. 1999). There is a fascinating relationship between the 
osteogenic and adipogenic lineages, which has been recognized at the 
organismal and cellular levels. Virtually all loss of bone is accompanied 
by an increase in adipose in the bone compartment. For example, long- 
term medical use of glucocorticoids leads to loss of bone density through 
the stimulation of bone resorption by osteoclasts and the suppression of 
bone formation by osteoblasts (Canalis 1996). Stromal culture systems 
for hematopoietic stem cells contain adipocytes (Dexter 1982), and 
adipocytes are capable of supporting HSC or myeloid cultures (Gimble 
1990; Gimble et al. 1992; Thiede et al. 2000). During aging, there is an 
increase in fatty marrow, although this is reversible, if there is a physio- 
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logical need, such as seen upon moving to a higher altitude. Committed 
progenitor cells such as pre-osteoblasts or pre-adipocytes coexist in bone 
marrow alongside uncommitted MSCs. This raises the question of the 
committed nature of progenitor cells and to what level interconversion is 
possible. Beresford et al. (1992) investigated the plasticity of rodent 
adipocytes that can dedifferentiate to a proliferative cell that can become 
osteocytes and produce bone when placed in a diffusion chamber and 
implanted subcutaneously. 

It was recognized by Bianco and colleagues (1988) that human bone 
marrow cells that were alkaline phosphatase positive, a trait associated 
with osteogenic cells, were also precursor cells for adipocytes. Individual 
colonies of rabbit bone marrow cells, presumably clonal in origin, that 
expressed a lipid-laden adipocytic phenotype were shown to revert to a 
rapidly growing fibroblastic cell type in the presence of fetal calf serum. 
These cells were then placed in diffusion chambers and implanted, and 
when they were harvested at 60 days, subsequent histology in some of the 
chambers showed the formation of bone (Bennett et al. 1991). Beresford 
et al. (1992) described the in vitro differentiation of rat marrow stromal 
cells to both the osteogenic and adipogenic lineages and demonstrated the 
ability of dexamethasone treatment to alter this ratio. Continuous treat- 
ment with the steroid resulted in increased osteogenesis, whereas if 
steroid was withheld initially, more adipocytes were present. Their results 
suggested an inverse relationship between the osteogenic and adipogenic 
pathways for the marrow stromal cells. A role for the bone morphogenet- 
ic protein (BMP) receptor subtype has been shown to be involved in the 
cell fate decision of a murine cell line to become osteoblasts or adipocytes 
(Chen et al. 1998) and serves as an example of BMP involvement in non- 
osteogenic morphogenetic pathways (Hogan 1996). 

An alternative to the isolation of primary bone marrow stromal cells 
for study is to immortalize the cells in vitro, such as by transduction with 
a temperature-sensitive SV40 T antigen (Gimble 1990; Houghton et al. 
1998) or isolation from a mutant p53 “ mouse (Thompson et al. 1998). 
Then clonal populations of transformed cells can be characterized. 
Houghton et al. (1998) generated such cell lines from human rib marrow 
stromal cells and characterized one such cell line, human osteoprogenitor 
clone 7 (hOP7), which could be propagated indefinitely at the permissive 
temperature. At the nonpermissive temperature, the hOP7 cells exhibited 
an osteoblastic phenotype with increased alkaline phosphatase activity 
and produced a mineralized extracellular matrix. However, when the 
hOP7 cells were cultured with increasing levels of normal rabbit serum, 
which contains fatty acids that can stimulate an adipogenic response, the 
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cells exhibited lipid vacuole inclusions and elevated lipoprotein lipase 
and glycerol 3-phosphate dehydrogenase. 

Cells from adult trabecular bone explants were shown to be osteogenic 
and also adipogenic (Nuttall et al. 1998). The cells expressed alkaline 
phosphatase and osteocalcin in the presence of vitamin D,, whereas when 
treated with dexamethasone and isobutylmethylxanthine (IBMX), the cul- 
tures accumulated lipid vacuoles as well as the lipogenic enzymes glyc- 
erol-3-phosphate dehydrogenase, lipoprotein lipase, and aP2. To determine 
whether the results were due to a mixture of osteo- and adipogenic pro- 
genitor cells present in the cultures or a population of stem cells with the 
potential for each lineage, the cells were grown as single-cell clones and 
tested. The wells containing clonal cells tested positive for elevated osteo- 
calcin in response to vitamin D. When subsequently switched to medium 
containing dexamethasone and IBMX, the cells accumulated lipid-rich 
vacuoles, with a near absence of osteocalcin in the medium. 

We used clonally isolated hMSCs and demonstrated their differentia- 
tion exclusively to the chondrogenic, osteogenic, or adipogenic pathways, 
depending on the in vitro culture conditions (Pittenger et al. 1999), and we 
then investigated the signal transduction pathways activated during 
osteogenic differentiation. We analyzed the role of mitogen-activated pro- 
tein kinases (MAP kinases) ERK1/ERK 2, p38, and jun N-terminal kinase 
(JNK) during osteogenic differentiation of hMSCs. These experiments 
showed a strong correlation between the long-term activation of ERK2 and 
the osteogenic differentiation of the stem cells (Jaiswal et al. 2000). JNK 
and p38 likely play roles at later stages of osteogenesis of hMSCs. 
Interestingly, the inhibition of ERK activation by the MAP kinase kinase 
(MEK1 or MAP/ERK kinases) eliminated osteogenic differentiation and 
led to a concomitant and dose-dependent increase in adipogenic differen- 
tiation (see Fig. 4). This was true using either the specific MEK1 inhibitor 
PD98059 or transfection with a plasmid containing a dominant negative 
transgene of MEK1 (Yan and Templeton 1994), ruling out simple nonspe- 
cific effects of the PD compound. These signaling pathway studies further 
our understanding of the interrelationship between the osteoblastic and 
adipocytic lineages, and they suggest a role that hMSCs may play during 
imbalances that lead to clinical manifestations, such as osteoporosis. 


EVIDENCE FOR A STROMAL FUNCTION FOR hMSCs 


The hMSCs present in bone marrow are in intimate contact with HSCs 
and their presumed progeny. The hMSCs have also been shown to pro- 
duce many factors important for the support of HSCs and their diverse 
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Figure 4 Inhibition of osteogenic differentiation of hMSCs leads to a pathway for 
adipogenic differentiation. The hMSCs in control wells (4A and D), or hMSCs 
treated to undergo osteogenic differentiation (B and E) were compared to wells 
in which the hMSCs were treated with osteogenic medium containing 50 nm of 
the MEK1 inhibitor PD98059 (C and F). Osteogenic differentiation is accompa- 
nied by the abundant expression of alkaline phosphatase (B), which is not seen 
in the presence of the inhibitor (C). When the hMSCs are stained with the 
lipophilic dye Nile Red (D-—F), it can be seen that the inhibitor-treated hMSCs 
have become adipocytes (F). 


progeny, including interleukins (IL) IL-6, IL-7, IL-8, IL-11, IL-12, 
leukemia inhibitory factor, stem cell factor, Flt3 ligand, and macrophage 
colony-stimulating factor (Haynesworth et al. 1996; Majumdar et al. 
1998; Mbalaviele et al. 1999). The hMSCs will produce additional factors 
in response to IL-1 and most likely other factors as well. Cultured mono- 
layers of hMSCs, without additional cytokines, have been shown to sup- 
port the maintenance of HSCs, and evidence suggests the expansion of 
HSCs also occurs in the cocultures (Cheng et al. 2000; Thiede et al. 
2000). The therapeutic potential of hMSCs for support of HSC engraft- 
ment in patients undergoing bone marrow transplantation is under study 
in several settings. In early safety trials, patients in remission following 
treatment for breast cancer were infused with as many as 50 million autol- 
ogous culture-expanded hMSCs without any adverse effects (Lazarus et 
al. 1995). Recent phase [-II clinical results have demonstrated the feasi- 
bility and safety of isolation of hMSCs and their autologous reinfusion, 
along with autologous peripheral blood progenitor cells, into advanced 
breast cancer patients (Koc et al. 2000). 
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TISSUE REGENERATION BY MSCs 


Many years of work on the origins of blood cells led to the concept of the 
hematopoietic stem cell that could serve as a progenitor for all blood cell 
types. Lineage diagrams have been developed that present the interrela- 
tionship among the HSC progeny. The concept of a similar multipotential 
bone marrow stem cell for connective tissues was first presented by 
Owen (1985) and suggested that differentiated cell types found in bone 
marrow stroma might derive from a common progenitor, or stem cell. 
This concept was further developed by Caplan to include all of the meso- 
derm-derived lineages, including myocytes, chondrocytes, tenocytes, 
osteocytes, and stromal and dermal fibroblasts (Caplan 1991). More 
recent evidence suggests that the stroma consists of differentiated and 
undifferentiated cells of several lineages and that hMSCs coexist in bone 
marrow with progenitor cells with more limited differentiation potential. 

The presence of multipotential MSCs in bone marrow is consistent 
with accumulated data from many labs using multiple species (Aubin et 
al. 1992; Pereira et al. 1995; Poliard et al. 1995; Young et al. 1995; Dennis 
et al. 1999; Muraglia et al. 2000). The developmental process of bone for- 
mation wherein the cartilaginous anlage is remodeled to bone following 
the invasion of blood vessels has been extensively studied. The common 
appearance of bone and/or cartilage in diffusion chambers and implanted 
ceramic carriers and their association in vivo suggest closely associated 
pathways of differentiation, although this requires the intervention of vas- 
culature and HSCs as well (for review, see Caplan and Boyan 1994). 

The marrow-derived MSCs have been used to demonstrate in vivo 
repair of mesenchymal tissues in critical size wounds at orthotopic sites. 
This includes the articular cartilage, in which Wakitani et al. demonstrat- 
ed cartilage repair in the medial femoral condyle of rabbits. Bruder and 
Kadiyala have demonstrated MSC-driven regeneration of large segmental 
gaps of bone in the femurs of rats and dogs (Kadiyala et al. 1997; Bruder 
et al. 1998a,b). Young and colleagues showed repair of a 1-cm gap in the 
Achilles tendon of rabbits using MSCs, and they further showed biome- 
chanical stability of those implants (Young et al. 1998). Caplan and 
coworkers showed integration of MSCs into skeletal muscles of dys- 
trophin-deficient rats, suggesting implants of MSCs might have applica- 
tions to muscular dystrophy (Saito et al. 1995). 

Recently, we have turned our attention to the ability of hMSCs to 
engraft and differentiate in the adult heart. There are few in vitro models 
for cardiomyocyte development or differentiation, and therefore it is nec- 
essary to utilize in vivo models. We have introduced gene-tagged hMSCs 
into the hearts of immunodeficient mice through the coronary circulation 
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and found that a percentage of the hMSCs would engraft as single cells 
surrounded by healthy host cardiomyocytes. The hMSCs persisted for at 
least 2 months. Over time, the morphology of the implanted hMSCs 
became indistinguishable from the surrounding cardiomyocytes, and they 
began to express the proteins specific for striated muscle, including 
desmin, &-myosin heavy chain, -actinin, and phospholamban, at levels 
that were the same as the host cardiomyocytes. The expression of myoD 
was not detected, suggesting the cells were not differentiating to a skele- 
tal myocyte but rather to a cardiac myocyte (C. Toma et al., in prep.). 
Findings were recently published for rat bone marrow stromal cells 
implanted into isogenic rat hearts showing expression of myosin heavy 
chain as well as connexin 43, the later suggesting the formation of gap 
junctions (Wang et al. 2000). To address the question of whether hMSCs 
will engraft into infarcted tissue, we have implanted cells by direct nee- 
dle injection into an experimental infarct model in an athymic rat. In this 
system we find the hMSCs engraft in the infarct region for at least 2 
months and show expression of striated muscle proteins. Additional work 
has begun on the porcine infarct model to develop the methods and tech- 
niques needed for human intervention (B.J. Martin et al., in prep.). 
Although much work remains to be done, results suggest that the hMSCs 
may differentiate to the cardiomyocyte phenotype and may prove useful 
for cellular cardiomyoplasty in ischemic or damaged heart tissue. 

These demonstrations from several species further indicate that 
MSCs are indeed stem cells for various mesenchymal tissues. The cells 
are therefore not simply stromal precursors, but precursors of peripheral 
tissues, including those that are not vascularized, such as articular carti- 
lage. As noted above, several of the lineages found in bone marrow are 
not readily evident as progeny of hMSCs, but hMSCs may have broader 
applications than simply stromal regeneration, and the bone marrow stro- 
ma is a complex tissue derived from several types of stem or progenitor 
cells. 


FURTHER CLINICAL IMPLICATIONS FOR THE USE OF hMSCs 


Osteogenesis imperfecta (OI) represents a debilitating genetic disease 
where the chromosomal defect lies in the collagen type I gene that is 
prominently expressed in osteocytes. Expression of the faulty gene caus- 
es systemic osteopenia resulting in bony deformities, skeletal fragility, 
and short stature. Recently, three infant OI patients were transfused with 
whole bone marrow from HLA-identical siblings, and the subsequent 
course of their disease was assessed during a 6-month follow-up (Horwitz 
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et al. 1999). Osteoblasts were isolated from a bone biopsy and showed 
engraftment of donor mesenchymal cells. These patients had 20-37 frac- 
tures in the 6 months prior to infusion, but in the 6 months following 
transplantation their fractures were reduced to 2 and 3, respectively. All 
patients had increased total body mineral content. These patients also 
showed near-normal growth over this period. Although these are early 
results, they easily convey the promise that stem cell therapy may provide 
in the future. 

Marrow-derived hMSCs represent a useful, easily obtained, charac- 
terized cell population to explore mesenchymal tissue regeneration, and 
there is good evidence to suggest the cells can be used allogeneically. The 
hMSCs do express small amounts of the major histocompatiblity complex 
(MHC) class I molecule but express little or no MHC class II or B7 
costimulatory molecules. In vitro experiments with lymphocytes from 
unrelated donors suggest that hMSCs do not elicit proliferation of T cells 
and may actually suppress a mixed lymphocyte reaction, suggesting the 
potential for allogeneic use of hMSCs (K. McIntosh, pers. comm.). The 
lack of a pronounced immunological response to implanted allogeneic 
hMSCs and the ability to produce large numbers of cells from a small 
matrow aspirate open the potential to use donor-derived cells for multiple 
recipients. To this goal, Osiris Therapeutics has undertaken clinical trials 
for the use of allogeneic hMSCs to aid engraftment of matched bone mar- 
row or mobilized peripheral blood progenitor cells. Phase I results sug- 
gest the matched hMSCs are well tolerated, and ongoing Phase II studies 
will provide appropriate dosage data. The pivotal Phase II multicenter 
trial will occur in the near future. 

Vescovi and colleagues reported the reconstitution of multiple blood 
lineages by the engraftment of brain-derived murine neural stem cells, 
although the time to engraftment may have been slightly longer than seen 
with the use of whole bone marrrow (Bjornson et al. 1999). The recent 
report of purified mouse muscle satellite cells reconstituting the 
hematopoietic lineages of a lethally irradiated mouse (Jackson et al. 
1999), or the incorporation of donor hematopoietic stem cells into mus- 
cle of affected mdx mice (Gussoni et al. 1999), draws further attention to 
the possibility that the cellular plasticity and potential of adult stem cells 
may be greater than previously thought. These studies, along with the 
landmark report of the reactivation of somatic nuclei by reinsertion into a 
blastocyst to produce a cloned organism (Wilmut et al. 1997), suggest the 
potential of stem cells to broadly contribute to tissue regeneration. 
Perhaps bone marrow-derived hMSCs will be used to heal not only meso- 
dermal tissues but also ectoderm- and endoderm-derived tissues one day. 
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STEM CELL FATE MAPPING: GENERAL CONSIDERATIONS 


To discuss stem cell “fate,” a working definition of a stem cell must be 
utilized. For the purposes of this discussion, a practical definition is a cell 
with the capacity for prolonged or unlimited self-renewal, combined with 
the capacity to produce at least one type of highly differentiated progeny. 
In the context of that definition, the term “stem cell fate mapping” 
implies that a stem cell has a specific fate that can be discovered in exper- 
imental systems directed toward fate mapping, and once discovered, the 
same fate can be extrapolated to other stem cells of that type. Short of the 
ultimate common fate of cell death, however, stem cells may have wide- 
ly variable fates depending on the parameters and conditions imposed by 
the mapping system. This is one of the current challenges to our under- 
standing of stem cell biology, and a primary source of controversy regard- 
ing the identity and potential of specific stem cells. There is increasing 
evidence for remarkable plasticity in some stem cells even when derived 
from adult tissues. To cite one of many recent examples, it appears that 
hematopoietic stem cells give rise to muscle under circumstances of mus- 
cle injury or disease (Ferrari et al. 1998; Gussoni et al. 1999). A few years 
ago, this would have been heretical based on data from previously utilized 
fate mapping systems. It is clear that as new fate mapping systems are uti- 
lized, the currently accepted map for many stem cell candidate popula- 
tions may need to be changed. 

Nevertheless, it seems intuitive that in biological systems, specific 
stem cells do have defined and predictable fates. This may range from 
true pluripotentiality for embryonic stem cells to a relatively limited fate, 
under normal biologic circumstances, for multipotential stem cells in tis- 
sues of nonembryonic origin. Perhaps for the purpose of this discussion, 
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the definition of fate mapping should be restricted to determining a “nor- 
mal” fate for a defined stem cell, i.e., determination of the fate that a stem 
cell would be expected to have in its normal environment under the regu- 
latory influences of homeostasis. These fates would include the participa- 
tion of the cell in normal development and the response of the cell to bio- 
logic perturbations such as tissue injury, senescence of the organism, and 
disease. It follows that a complete mapping system of the normal fate of 
a stem cell would require recapitulation of all of the variables to which 
that cell might be exposed, during the lifetime of the organism, a daunt- 
ing task for all but the simplest biological systems. 

From this discussion, it is apparent that the reductionism inherent in 
in vitro systems is fundamentally flawed for fate mapping applications 
and could misrepresent the normal fate of a stem cell. For example, if 
long-term bone marrow cultures were used for fate mapping of 
hematopoietic stem cells (HSC), a skewed, predominantly myelopoietic 
perspective of HSC fate would be assumed. Rather than reductionism, the 
conceptual framework of network theory (Capra 1996; Kelly 1994) is 
much more relevant to fate mapping applications. A stem cell is a single 
unit in a complex biologic network of other stem cells. The maintenance 
of the stem cell compartment and provision of differentiated progeny 
depend on a myriad of cell-autonomous regulators modulated by external 
regulatory signals. Stem cell quiescence or induction of symmetric or 
asymmetric cell division is the result of the summation of these regulato- 
ry inputs. It is obvious that the complexity of a biologic network can only 
be reproduced by an in vivo system. The problem is that, at the present 
time, such systems are beyond our analytical capacity. In the future, ana- 
lytical methods applicable to networks will evolve and allow prediction of 
stem cell behavior in the context of normal or abnormal perturbations in 
the network, i.e., true fate mapping. Until network theory is applicable to 
analysis of biological systems, fate mapping will be intrinsically analo- 
gous to assessment of a few frames of a feature-length film. Interpretation 
of the map will depend on which frames are selected, i.e., the mapping 
system utilized. 

Within the confines of our current capabilities, how can one deter- 
mine the fate, or multitude of fates, of an individual stem cell? One of two 
general strategies has been most frequently applied: (1) in situ labeling 
and subsequent fate mapping of a resident population of cells or (2) trans- 
plantation of a labeled cell population with subsequent mapping of its 
fate. In both strategies, labeling may be based on specific cell markers, or 
extrinsically applied labels such as retroviral transduction with a marker 
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gene or labeling with thymidine or bromodeoxyuridine (BrdU). Each 
approach has its relative strengths and weaknesses, and the results must 
be taken in appropriate context. A major limitation of both strategies is 
that the readout is dependent on the ability to label a single or homoge- 
neous population of stem cells. The in situ approach has been useful in the 
rare circumstances where stem cells can be identified precisely by their 
morphology or location, for instance in the Drosophila gonad or periph- 
eral nervous system where stem cells and their non-stem progeny have a 
well-defined orientation relative to surrounding cells (Jan and Jan 1998; 
Lu et al. 1998; Xie and Spradling 1998). Although stem cell markers may 
be useful in some instances to label stem cells in situ (Jones and Watt 
1993; Jones et al. 1995; Jensen et al. 1999), a hallmark of most stem cells 
is the lack of expression of a specific stem cell marker. The use of mark- 
er genes or BrdU is limited by the low efficiency of labeling quiescent 
stem cell populations and nonspecificity of cell type labeled, and by 
down-regulation with terminal differentiation (marker genes) or dilution 
by multiple cell divisions (BrdU). Similarly, strategies to map the fate of 
a stem cell after transplantation ideally would transplant either a single 
definitively isolated stem cell or a homogeneous population of stem cells. 
Since, in general, current methodology lacks the sensitivity for extreme 
low-frequency analysis, cell populations rather than single cells must gen- 
erally be used as the stem cell input. The ability to extrapolate fate map- 
ping results to a single cell within a population is dependent on the homo- 
geneity of the starting cell population. In reality, cell populations isolated 
using current approaches are rarely, if ever, homogeneous. It therefore 
becomes critically important to recognize the limitations of current map- 
ping systems in the context of the input population and to interpret the 
results as a population readout, rather than a single cell readout. 

A second limitation is the receptive environment. Even if a single cell 
or completely homogeneous cell population is transplanted, one must ask 
whether the receptive environment perturbs the normal stem cell fate. The 
concept of external control of stem cell fate mediated by microenviron- 
mental signals present in a stem cell “niche” is well established (Hall and 
Watt 1989; Quesenberry and Becker 1998). Therefore, normal control of 
stem cell fate would require engraftment in the appropriate niche. The pri- 
mary advantage of an in situ strategy is that the cell is labeled in a normal 
environment without the need for cell processing or transplantation, 
either of which might affect cell fate. However, the in situ approach is not 
applicable to analysis of human stem cells, for obvious reasons. 
Therefore, surrogate biological systems need to be developed for assess- 
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ment of normal human cell potential. In the remainder of the chapter, I 
discuss one such system as applied to fate mapping of the human 
hematopoietic and mesenchymal stem cell. 


THE HUMAN-SHEEP SYSTEM FOR FATE MAPPING 
OF HUMAN STEM CELLS 


The use of surrogate animal systems for the study of human cell biology 
has had variable success. The primary problems with this approach are the 
immune response against xenogeneic antigen, and issues of species speci- 
ficity of microenvironmental factors that affect donor cell function. The 
immune response can be avoided by the use of sufficiently immunodefi- 
cient animal models, most notably the nude mouse, SCID mouse, or 
NOD/SCID mouse (Dick 1994; Larochelle et al. 1996; Dorrell et al. 
2000). Unfortunately, the mouse is relatively short-lived, making long- 
term assessment, even under the ideal circumstances of long-term human 
cell engraftment, impossible. In addition, the mouse models as an assay 
of human hematopoiesis remain problematic with respect to the long- 
term maintenance of multilineage, balanced hematopoiesis. Even when 
human microenvironments have been co-transplanted as in the SCID-hu 
systems (McCune et al. 1988; Carballido et al. 2000), the models have not 
proven to be a reliable reflection of normal human hematopoiesis. 

An alternative immunodeficient environment is that of the early ges- 
tational fetus. Since the classic observations by Billingham and Medawar 
(Billingham et al. 1953) of “acquired” immunologic tolerance, the phe- 
nomenon of fetal tolerance has been recognized. Evidence is now over- 
whelming that the fetal thymic microenvironment plays a primary role in 
determination of self-recognition and repertoire of response to foreign 
antigen. Pre-T-cells undergo positive and negative selection during a 
series of maturational steps in the fetal thymus that are controlled by 
thymic stromal cells (Sprent 1995; Goodnow 1996). The end result is 
deletion of T-cell clones with high affinity for self-antigen in association 
with self-MHC, and preservation of a T-cell repertoire against foreign 
antigen. Therefore, theoretically at least, introduction of foreign antigen 
prior to thymic processing should result in presentation of donor antigen 
in the thymus with clonal deletion of alloreactive T-cells. Although less 
well defined than the mouse system, the immunology of the fetal sheep 
has been investigated. The fetal sheep is immunologically tolerant of allo- 
geneic skin grafts (Silverstein et al. 1964) or of allogeneic (Flake et al. 
1986) or xenogeneic (Zanjani et al. 1994) hematopoietic cells, prior to 75 
days gestation, avoiding the immunologic barriers present in postnatal 
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models. In addition to immunologic tolerance, there may be other advan- 
tages for the fetal sheep model as a fate mapping system. No irradiation 
or other conditioning regimen is used, so there is no perturbation of the 
normal receptive environment. The transplantation of cells during devel- 
opment may offer a maximal opportunity for distribution of stem cells 
into normal niches, as it recapitulates the developmental process of 
hematogenous distribution and migration of hematopoiesis into develop- 
ing hematopoietic environments. The sheep lives for many years, allow- 
ing true long-term assessment of transplanted cell populations. Finally, 
because human and sheep DNA and proteins are widely disparate with 
respect to sequence homology, human-specific markers can be utilized 
for the unequivocal detection and characterization of human cells by a 
variety of methodologies. 


FATE MAPPING OF HUMAN HEMATOPOIETIC STEM 
CELLS IN THE FETAL SHEEP MODEL 


The HSC has been rigorously defined as a multipotential cell capable of 
both self-replication and differentiation into all of the hematopoietic lin- 
eages. Implicit in this definition is the capacity for long-term, multilineage 
repopulation of primary and secondary recipients following transplanta- 
tion. The isolation of HSCs by physical, functional, and phenotypic char- 
acteristics has made tremendous progress over the past few decades with 
characterization of human HSC paralleling, but lagging somewhat 
behind, that in the mouse for practical reasons (Goodell et al. 1997; 
Morrison et al. 1997). A primary obstacle to validation of human HSC 
candidate populations has been the absence of biologically relevant in 
vivo assay systems to rigorously assess HSC content. In part to address 
this need, we have investigated the fetal sheep as an engraftment model 
for human HSCs. 

We initially assessed the ability of human fetal liver-derived HSC to 
engraft early gestational fetal sheep and demonstrated long-term multi- 
potential human chimerism in the bone marrow and peripheral blood 
(Zanjani et al. 1992). We subsequently separated human HSC from long- 
term chimeric animal bone marrow and demonstrated multilineage 
engraftment of second-generation recipients for over 1 year, proving 
unequivocally that human HSC engraft in the sheep bone marrow 
(Zanjani et al. 1994). In subsequent studies, for the sake of efficiency, the 
assay has been abbreviated so that human cells are harvested just before 
term (~2 months after transplantation) and retransplanted into second- 
generation fetal sheep (Fig. 1). In this abbreviated assay, multilineage 
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Figure I Schematic for the typical experimental design of the abbreviated assay 
for human HSC in the human-sheep model. HSC1 and HSC2 represent stem cell 
candidate populations for comparison, or dose comparisons of the same popula- 
tion (for limiting dilution). Populations containing HSC will demonstrate multi- 
lineage engraftment at 2 months after birth in second-generation recipients. The 
assay can therefore be completed in around 6 months. Human HSC are harvest- 
ed by positive selection for CD45 by immunomagnetic beads. Analysis after birth 
can be performed by flow cytometry for human-specific markers or by fluores- 
cence in situ hybridization and PCR using human-specific probes. In addition, 
colony assay for human progenitors can be performed by culture in conditions 
favoring human colony growth. 


engraftment of the second-generation animal that persists for 2 months or 
more after transplantation confirms the presence of human HSC in the 
donor population (Civin et al. 1996). The assay has now been utilized to 
assess a number of human cell sources and adult bone-marrow-derived 
HSC candidate populations and has demonstrated excellent sensitivity as 
an HSC assay (Civin et al. 1996; Kawashima et al. 1996; Shimizu et al. 
1998; Srour et al. 1993; Sutherland et al. 1996; Uchida et al. 1996; Yin et 
al. 1997; Zanjani et al. 1998, 1999). Human HSC demonstrate balanced 
multilineage engraftment with lymphoid, myeloid, and erythroid expres- 
sion at the bone marrow progenitor level. Peripheral blood analysis using 
lineage markers confirms circulating multilineage human cells in the first 
few years after birth. In contrast to mouse models, the human—sheep 
model of xenogeneic hematopoietic chimerism after in utero transplanta- 
tion has allowed assessment of the durability of chimerism with analysis 
of some animals ongoing at nearly 10 years after transplantation. The 
results from experiments directed toward assaying the presence of HSC 
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have obvious implications for the model as a fate mapping system for 
other stem cells. 

An interesting aspect of the model relevant to all xenogeneic surro- 
gate systems is the species specificity of the receptive microenvironment. 
On in vitro assessment, human cells are minimally responsive to sheep 
cytokines (with the exception of erythropoietin) and vice versa. The 
administration of human recombinant cytokines IL-3/GM-CSF (Zanjani 
et al. 1992) or SCF (Flake et al. 1995) to long-term chimeric sheep results 
in dramatic increases in human hematopoiesis. These findings suggest 
that the sheep microenvironmental milieu is capable of long-term support 
of human HSC viability, but incapable of normal support of definitive 
hematopoiesis, at least at a level that is competitive with host 
hematopoiesis (Flake and Zanjani 1999). It also raises the interesting pos- 
sibility that the microenvironment can be manipulated, for instance by co- 
transplantation of normal or genetically manipulated human stromal ele- 
ments (Almeida-Porada et al. 1999), to create normal or perturbed 
“human” receptive environments. Such strategies may further improve the 
utility of the model for human HSC fate mapping and allow unique 
insight into microenvironmental control of fate decisions. 


MESENCHYMAL STEM CELLS 


The existence of a population of multipotent mesenchymal stem cells 
(MSCs) that reside in adult tissues and are capable of participation in 
repair of tissue injury related to disease, aging, or trauma was champi- 
oned by Caplan as the concept of “mesangenesis” (Caplan 1991, 1994). 
Supporting evidence that such a cell exists has been drawn primarily from 
studies on cells isolated from bone marrow by plastic adherence. 
Freidenstein et al. (1987, 1992; Friedenstein 1995) originally described 
such a population isolated by placing whole bone marrow in plastic cul- 
ture dishes and pouring off the nonadherent (hematopoietic) cells after 4 
hours. This left a heterogeneous population of cells, the most tightly 
adherent of which were spindle-shaped and formed foci of 2-4 cells. 
These cells remained dormant for 2-4 days and then began to multiply 
rapidly, ultimately, after several passages, giving rise to confluent layers 
that were more uniformly spindle cell in appearance. Most importantly, 
these cells had the ability to differentiate into colonies that resembled 
small deposits of bone or cartilage. Subsequent studies by other investi- 
gators with cells isolated by protocols similar to Freidenstein’s confirmed 
that this population of cells could be induced to differentiate in vitro into 
a variety of mesenchymal tissues, including fat, bone, cartilage, bone 


382 A.W. Flake 


marrow stroma, and myotubules (Grigoriadis et al. 1988; Leboy et al. 
1991; Cassiede et al. 1996; Dennis and Caplan 1996a,b; Haynesworth et 
al. 1996; Kadiyala et al. 1997). The conditions required for induction of 
differentiation varied somewhat between species. Nevertheless, mes- 
enchymal progenitors could be isolated from mouse, rat, rabbit, and 
human bone marrow that readily gave rise to adipocytes, chondrocytes, 
and osteoblasts under specific conditions. Most studies that have been 
performed with mesenchymal progenitors have been performed with 
these relatively heterogeneous cell populations. Athough efforts have 
been made to isolate a more homogeneous MSC population (Simmons 
and Torok-Storb 1991; Gronthos et al. 1994; Gronthos and Simmons 
1995; Zohar et al. 1997), in most cases it remains to be proven whether 
these more highly purified populations maintain the full multipotentiali- 
ty of those isolated by simple plastic adherence. 

It has been assumed that these heterogeneous mesenchymal progeni- 
tor populations contain a subpopulation of true mesenchymal stem cells, 
and the term stem cell has been loosely applied in many of these studies. 
In reality, the mesenchymal stem cell has not yet been isolated or defini- 
tively characterized. For practical purposes, however, a definition for MSC 
that is presently applied is adult bone-marrow-derived populations 
enriched for progenitors that can be induced by specific in vitro conditions 
to commit to differentiated mesenchymal cell phenotypes and/or tissues. 
Obviously, this definition does not have the rigor required for the defini- 
tion of many other populations of stem cells discussed in this text. On the 
other hand, it took years to define the hematopoietic stem cell with the 
rigor currently applied, and the previous definitions were steps toward our 
current understanding. Nevertheless, from the perspective of fate mapping 
of the mesenchymal stem cell, this definition leaves much to be desired. 
From the perspective of the input cell, the populations are crudely hetero- 
geneous. From the perspective of the mapping system, the in vitro poten- 
tial may or may not represent a “normal” in vivo fate for MSCs. 

There is some information available regarding the behavior of MSC 
populations in vivo. Much of the information lies in the realm of tissue 
engineering and is more applicable to the question of what MSCs will do 
when placed directly into an in vivo site, with or without a biosynthetic 
construct, than to what the normal fate of an MSC might be. Experiments 
utilizing porous diffusion chambers or ceramic cubes have documented 
the capacity of MSCs to form fibrous tissue, cartilage, or bone in vivo 
(Goshima et al. 1991; Cassiede et al. 1996; Kadiyala et al. 1997). For 
instance, autologous canine MSCs isolated from bone marrow, grown in 
culture, and loaded onto porous ceramic cylinders resulted in healing of 
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induced bone defects that would otherwise result in non-union (Kadiyala 
et al. 1997; Bruder et al. 1998). Another interesting study documents 
astroglial differentiation of murine MSC after direct injection into the lat- 
eral ventricles of neonatal mice (Kopen et al. 1999). Although such evi- 
dence implies that MSCs may participate in such processes in vivo, it in 
no way proves that they, in fact, normally do so. In a separate system, the 
osteochondrogenic behavior of MSCs in vivo on subcutaneous ceramic 
implants was found to be independent of their in vitro osteochondrogenic 
behavior (Cassiede et al. 1996), once again demonstrating that the envi- 
ronment in which the MSCs are assayed modulates their ultimate fate. 

There are a number of reports documenting donor-derived stromal 
elements after bone marrow transplantation (Keating et al. 1982; Piersma 
et al. 1983; Anklesaria et al. 1987; Perkins and Fleischman 1988), indi- 
rectly supporting the presence of a non-hematopoietic stem cell in whole 
bone marrow that gives rise to stromal supporting elements. Similarly, a 
report documenting donor-derived skeletal muscle in a muscle injury 
model after bone marrow transplantation (Ferrari et al. 1998) supports a 
bone marrow resident stem cell with mesenchymal differentiative capac- 
ity. Further indirect evidence supporting the presence of osteoprogenitors 
in bone marrow was recently reported by Horwitz et al. (1999) demon- 
strating clinical evidence of improvement in three patients with osteoge- 
nesis imperfecta after standard bone marrow transplantation with docu- 
mentation of 1.5—2% donor-derived osteoblasts in two of the patients. All 
of these studies utilized whole bone marrow as a donor source rather than 
a defined stem cell population and thus can only be used as indirect sup- 
port for the existence of a multipotent MSC that has the normal fate of 
stromal cell, myocyte, or osteocyte differentiation. More recently, 
Gussoni et al. have reported muscle reconstitution in irradiated mdx mice 
after transplantation of highly enriched hematopoietic stem cells 
(Gussoni et al. 1999). Their findings suggest that the MSC may be an 
intermediate population and that the hematopoietic stem cell is more 
pluripotent than previously appreciated. Once again, however, the use of 
irradiation in a mouse model of ongoing muscle damage may induce 
transdifferentiation that is not a normal fate of an HSC. 

Of greater relevance to this discussion are studies that have followed 
the fate of MSC-containing populations after systemic transplantation. 
There have been two studies in mice in which cultured mouse-adherent 
cell populations have been transplanted systemically and documented to 
persist following transplantation. In the first, cells from transgenic mice 
expressing a human minigene for collagen I were used as mesenchymal 
progenitor donors, and the fate of the cells was followed after transplan- 
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tation into irradiated mice (Pereira et al. 1995). Donor cells were detect- 
ed in bone marrow, spleen, bone, cartilage, and lung up to 5 months later 
by PCR for the human minigene, and a PCR in situ assay on lung indi- 
cated that the donor cells diffusely populated the parenchyma. Reverse 
transcription-PCR assays indicated that the marker collagen I gene was 
expressed in a tissue-specific manner. A second study transplanted either 
cultured adherent cells or whole bone marrow into irradiated mice with a 
phenotype of fragile bones resembling osteogenesis imperfecta caused by 
expression of the human minigene for type I collagen (Pereira et al. 
1998). With either source of cells, a similar distribution of engraftment 
was documented as observed in the previous study and, in addition, fluo- 
rescense in situ hybridization assays for the Y chromosome indicated that, 
after 2.5 months, donor male cells accounted for 4-19% of the fibroblasts 
or fibroblast-like cells obtained in primary cultures of the lung, calvaria, 
cartilage, long bone, tail, and skin. Although these studies suggest the 
presence of a mesenchymal stem cell, no immunohistochemical assess- 
ment was performed to assess what the engrafted donor cells actually 
were. The use of a mouse population of MSC is inherently problematic, 
since it is exceedingly difficult to eradicate hematopoietic elements from 
the culture. In the absence of immunohistochemical characterization, the 
presence of contaminating hematopoietic elements and fibroblasts in the 
donor cell preparation could account for the observed distribution of 
donor cells. In addition, the requirement for radiation in the model could 
potentially alter the receptive microenvironment, influencing the 
observed cell fate. 


FATE MAPPING OF HUMAN MSC 


From the preceding discussion, it is clear that there are significant gaps in 
our understanding of MSCs and MSC fate. Basic questions of what con- 
stitutes an MSC and how it can be defined, where it resides, and what bio- 
logic developmental and homeostatic mechanisms it participates in 
remain to be defined. Similarly, the clinically important questions of the 
transplantability of MSCs, their ability to home and engraft to appropri- 
ate sites, their ultimate capacity to differentiate and function after trans- 
plantation, their immunogenicity, and the regulatory factors that control 
MSC proliferation and differentiation are relatively unknown. To 
approach these questions one needs, at a minimum, to have a defined 
input population and an appropriate assay system for fate analysis. 

In the studies discussed above, a major problem has been the lack of 
homogeneity and degree of characterization with respect to multipoten- 
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tiality of the input populations used. Although a true MSC remains to be 
defined, much less isolated, it is clear that a greater degree of characteri- 
zation and homogeneity can be currently achieved in some species than 
in others. Murine MSCs, for instance, have been exceptionally difficult to 
isolate and expand in culture, without contaminating hematopoietic ele- 
ments, whereas human MSC are relatively easy to isolate and expand. As 
described in the preceding chapter, human MSCs have been relatively 
well characterized by their ability to proliferate in culture with homoge- 
neous morphology, by the uniform presence of a consistent set of surface 
marker proteins, and by their consistent differentiation into multiple mes- 
enchymal lineages under controlled in vitro conditions (Pittenger et al. 
1999). Analysis of colonies derived from individual cells from cultured 
human MSCs confirms the presence of a subpopulation of cells with at 
least tripotential differentiative capacity (bone, cartilage, and fat) 
(Pittenger et al. 1999). Thus, from a fate mapping perspective, the use of 
a relatively defined, although undoubtedly heterogeneous, input popula- 
tion can be achieved with available human MSC. 

However, the use of human MSCs involves obvious practical limita- 
tions with respect to the fate mapping system. Ideally, one would want to 
place MSCs into an unperturbed system that is immunologically inert and 
in which MSC would engraft in their normal locations and subsequently 
respond to normal growth and regulatory signals. One would also need to 
have donor discriminatory markers to identify the MSC and their differ- 
entiated progeny. We have developed a system that satisfies some of these 
requirements. 

We reasoned that the fetal sheep model might also offer advantages for 
the engraftment of human MSC. We have therefore modified the model for 
the analysis of engraftment and ultimate cell fate of human MSCs. Figure 
2 is a schematic depiction of the experimental design. Human MSCs were 
transplanted into fetal sheep at either 65 days gestation (term = 145 days) 
or 85 days gestation. These time points were chosen to assess the effect of 
two developmental events on MSC distribution and engraftment. First, 
hematopoiesis is derived entirely from the liver in the fetal sheep at 65 days 
with only minimal development of the bone marrow. By 85 days, the bone 
marrow is densely populated with hematopoietic cells. Following in utero 
hematopoietic cell transplantation, it has been observed that donor cells 
preferentially home to the fetal liver up until the time of bone marrow for- 
mation, after which they home almost exclusively to the bone marrow 
(Zanjani et al. 1993). Therefore, in the case of hematopoietic engraftment, 
the receptive environments strongly influence the distribution of engraft- 
ment. The second event is the development of immunologic competence for 
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Figure 2 Schematic of the human-sheep model modified for analysis of human 
mesenchymal stem cells. Second-passage human MSCs obtained from Osiris 
Therapeutics, Inc. (Baltimore, Maryland) were transplanted into 65 or 85 day 
gestation sheep fetuses at a dose of 1 x 10% to 2 x 10° cells/kg/fetal weight. 
Recipient tissues were harvested at various intervals and analyzed for human cell 
engraftment using human-specific methodologies. 


rejection of skin grafts or hematopoietic grafts. Fetal sheep develop the 
capacity to reject allogeneic skin grafts (Silverstein et al. 1964) and demon- 
strate allogeneic or xenogeneic hematopoietic engraftment failure (Zanjani 
et al. 1997), which appears to be immunologically mediated, after 75 days 
gestation. In view of evidence that MSCs have the capacity to ablate allo- 
geneic and xenogeneic response in vitro (McIntosh et al. 1999), we won- 
dered whether they might be immunomodulatory in vivo. 


Distribution of Engrafted Human MSCs in the Sheep Model 


To assess distribution of engraftment, and to screen for human cell 
engraftment in tissues prior to immunohistochemical assessment, we uti- 
lized PCR for human-specific B,-microglobulin DNA sequences. 
Multiple tissues were harvested at intervals of 2 weeks, 2 months, 5 
months, or 13 months after in utero transplantation. Human cells were 
widely distributed in most tissues assessed by PCR at 2 weeks after trans- 
plantation, including liver, spleen, bone marrow, thymus, lung, brain, 
muscle, heart, and blood. After 2 months, human DNA was still detected 
in all tissues examined from fetuses transplanted at 65 days gestation, 
including cartilage, with the exception of brain. In fetuses transplanted at 
85 days gestation, human DNA was detected after 2 months in the spleen, 
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bone marrow, thymus, heart, and blood. Five months after in utero trans- 
plantation (3 months after birth), human DNA was detected in the bone 
marrow, thymus, spleen, lung, cartilage, and blood of fetuses transplant- 
ed at 65 days and in the heart, brain, skeletal muscle, and blood of fetus- 
es transplanted at 85 days. In two animals transplanted at 85 days gesta- 
tion 13 months earlier, human cells could still be detected by PCR in liver, 
bone marrow, heart, cartilage, and blood. The pattern of engraftment dif- 
fered between animals, but in total, 28 of 29 injected animals demon- 
strated engraftment of human cells in one or more tissues. 

From these results, it can be surmised that MSCs, despite their very 
large size, can be transplanted and are capable of engraftment in multiple 
tissues, even when transplanted into the fetal peritoneal cavity. This 
requires migration across endothelial barriers, integration into host tissue 
microenvironments, and survival with available growth and regulatory 
signals. Our findings of a variable pattern of long-term MSC engraft- 
ment, following detection of MSCs at 2 weeks in nearly all tissues stud- 
ied, supports a model of nonselective hematogenous distribution, with 
subsequent selective long-term survival in specific tissues. This may be a 
function of the ability of specific microenvironments to support the 
engraftment and differentiation of MSC, or alternatively, the loss of 
engraftment from some tissues may be due to heterogeneity of the trans- 
planted population with respect to differentiation potential or replicative 
capacity and longevity. A third possibility is that the xenogeneic microen- 
vironment can support the viability and differentiation of human MSCs, 
but not their self-replication. 

Does the distribution of MSCs observed in this model replicate the 
distribution of MSCs under normal circumstances? The answer will be 
unknown until the distribution of MSCs in human tissues is understood. 
If, in fact, MSCs are distributed to multiple tissues early in gestation (see 
below) to engraft and remain resident for repair of tissue injury, then in 
utero transplantation may recapitulate that ontogenic event. The fact that 
MSCs were found in most organs, including the bone marrow, is support- 
ive of such a model. 

The results of our DNA PCR were confirmed by immunohistochem- 
istry using antihuman f,-microglobulin (Figs. 3 and 4). Negative controls 
consisted of tissues of transplanted sheep that were PCR negative, or the 
same tissues from non-transplanted, age-matched controls. In all but a few 
tissues, immunohistochemistry confirmed the presence of human cells, 
and all of the negative control tissues were negative by immunohisto- 
chemistry. Many human MSCs were seen in pre- and postnatal hematopoi- 
etic and lymphopoietic tissues, including the fetal liver, bone marrow, 
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spleen, and thymus (Fig. 3). Multiple human MSCs could often be appre- 
ciated in a single high-power field in these tissues. Human cells were also 
identified in non-lymphohematopoietic sites, including the heart, skeletal 
muscle, cartilage, and lung. Five and thirteen months after transplantation, 
human cells continued to be present in multiple tissues, including the bone 
marrow, thymus, cartilage, heart, skeletal muscle, and brain. 


Site-specific Differentiation of MSCs in the Sheep Model 


The obvious next question was, What had the human MSCs become? 
Differentiation of human MSCs in various tissues was assessed by one of 
three techniques: (1) characteristic morphology with antihuman B,- 
microglobulin staining; (2) immunohistochemical double staining for 
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Figure 3 Engraftment in hematopoietic tissues detected by immunohistochemi- 
cal staining with antihuman B,-microglobulin and biotinylated secondary anti- 
body developed by chromagen 3,3’-diaminobenzidine (brown stain) and light 
counterstaining with hematoxylin. (A) Frozen section of fetal spleen 2 weeks 
after transplantation showing engraftment of large human cells. (B) Fetal liver at 
2 months after transplantation (transplanted at 65 days gestation) demonstrating 
large human cells in clusters of hematopoiesis. Magnification, 100x. (C) Bone 
marrow 5 months after transplantation showing large human cells with stromal 
morphology. (D) Thymus at 5 months after transplantation showing large human 
cell with thymic stromal morphology. Magnification, 4,C,D, 40x. 
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Figure 4 Engraftment of human cells in nonhematopoietic tissues by antihuman 
B,-microglobulin staining. (4) Human cell in the alveolar space of the lung at 2 
months after transplantation (prenatal). (B) Human adipocyte in pericardial fat at 
13 months after transplantation. (C) Human cell in myocardium with cardiomy- 
ocyte morphology at 5 months after transplantation. (D) Human cell in skeletal 
muscle 5 months after transplantation. (£,F) Low- and high- magnification views 
of human-specific anti-B ,-microglobulin staining of PCR positive articular carti- 
lage demonstrating human cells in three separate lacunae of the cartilage 
(arrows, E). Higher magnification confirms one of the cells to be in a lacuna in 
an otherwise acellular background (F). The particulate appearance of the stain- 
ing is a result of the nickel chloride developing technique. 


anti-human B,-microglobulin and a second nonhuman-specific differenti- 
ation marker; or (3) when available, positive staining with human-specif- 
ic differentiation markers proven not to cross-react with sheep cells. 
Using these techniques, site-specific differentiation was confirmed for 
human cardiomyocytes, chondrocytes, adipocytes, bone marrow stromal 
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Figure 5 Further evidence of site-specific differentiation using double staining or 
human specific differentiation markers. (A,B) 100x and oil immersion views of 
human cells in the heart identified by anti-B,-microglobulin (dark brown) and 
counter-stained (pink) with anti-Smooth Endoplasmic Reticulum Calcium 
ATPase-2 (SERCA-2), a cytoplasmic marker for muscle. The human cell cyto- 
plasm stains with SERCA-2 and is uniformly incorporated into the sheep cardiac 
muscle, supporting cardiomyocyte differentiation. (C,D) Bone marrow of normal 
age-matched sheep (C, negative control) and chimeric sheep stained with anti- 
human CD23, a marker of stromal differentiation. Note the large size of the 
human cells. Antihuman CD45 staining of the bone marrow was negative, con- 
firming that these cells are not of hematopoietic origin (not shown). (E,F) 
Negative control thymus (£) and thymus positive for a human cell that stains with 
antihuman CD74, a thymic stromal marker. The cell has epithelial morphology 
suggestive of a thymic epithelial cell. 


cells, thymic stromal cells, and skeletal myocytes (Figs. 4 and 5). Although 
PCR results suggested that human cells were engrafted in the CNS, dou- 
ble-staining immunohistochemistry using antihuman B,-microglobulin 
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and anti-GFAP (glial fibrillary acid protein) showed that the human cells 
were not differentiated glial cells, but rather were perivascular cells sur- 
rounding blood vessels in the gyral sulci. 

The results show that MSCs are capable of site-specific, multipoten- 
tial differentiation and tissue integration following transplantation. 
Human MSCs have been shown in vitro to differentiate into adipocytic, 
chondrocytic, or osteocytic lineages (Pittenger et al. 1999). Less well 
characterized MSC populations from other species have been induced in 
vitro toward myocytic differentiation. Our study confirms in vivo chon- 
drocytic differentiation and for the first time clearly demonstrates car- 
diomyocytic and myocytic differentiation of a defined human MSC pop- 
ulation. MSCs derived from bone marrow from multiple species have 
been demonstrated to support hematopoiesis with equal or greater effica- 
cy than stromal layers formed in long-term Dexter cultures. Our study 
upholds the role of MSCs in stromal support of hematopoiesis, both in the 
fetal liver and postnatal bone marrow. We found multiple large human 
cells intimately associated with clusters of hematopoiesis in the fetal liver 
at 2 and 9 weeks after transplantation. In addition, large cells that stained 
positively for human-specific CD23 were identified in the bone marrow 
at 9 and 22 weeks after transplantation. CD23 has been identified as a 
low-affinity IgE receptor as well as a functional CD21 ligand (Aubry et 
al. 1994; Huang et al. 1995) present on a variety of hematopoietic cells 
and bone marrow stromal cells (Fourcade et al. 1992). Our interpretation 
of CD23-positive cells in this study as “stromal” is based on the large size 
of the cells and the absence of human hematopoietic cells in either the 
donor cell population or the recipient bone marrow. 

A relatively surprising finding was the presence of large thymic cells 
that stained positive for human-specific B,-microglobulin and CD74. 
CD74 is a cell-surface MHC class IJ-associated invariant chain molecule 
that is expressed on B cells, Langerhans cells, dendritic cells, activated T 
cells, and thymic epithelium (Schlossman et al. 1995). The morphology 
of CD74° cells in this study appears similar to the ovine thymic epithelial 
cells in the surrounding thymus. The precursor of thymic dendritic cells 
is thought to be the HSC, whereas the origin of the thymic epithelial cell 
is controversial. Our data support a mesenchymal origin for the thymic 
epithelial cell as a “stromal” supporting cell in the thymus. 

The persistence of human cells observed in this xenogeneic model, 
even when transplanted after the development of immunocompetence in 
the sheep fetus, is intriguing. Potential mechanisms for tolerance include 
failure of immune recognition, local immune suppression, or thymic dele- 
tional tolerance. Human MSCs are known to express class I HLA antigen 
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but do not express class II, which may limit immune recognition. 
Although thymic stromal cells are known to participate in thymocyte pos- 
itive and negative selection (Sha et al. 1988; Schwartz 1989), and host 
thymic antigen-presenting cells are capable of facilitating clonal deletion 
of donor-reactive lymphocytes after in utero HSC transplantation (Kim et 
al. 1999), neither mechanism would account for tolerance after the 
appearance of mature lymphocytes in the peripheral circulation. In vitro, 
MSCs added to mixed lymphocyte cultures, however, have been shown to 
nonspecifically ablate alloreactivity by an as-yet-unknown mechanism. 
We speculate that the persistence of MSCs in this model results from a 
combination of minimal immunogenicity and local immune suppression. 

These results support the in vivo multipotentiality of human MSCs 
when transplanted into a developing receptive environment. The engraft- 
ment observed in multiple tissues with site-specific differentiation sup- 
ports the concept that the fate of MSCs is determined by the environment 
in which they engraft rather than by an intrinsically programmed fate. Is 
this the full repertoire of MSC fate? Probably not. We observed a number 
of cells in a variety of tissues that we are currently unable to characterize. 
The most interesting of these are perivascular cells that persist as long as 
13 months after transplantation in multiple tissues. These maintain 
fibroblast-like morphology and may represent the undifferentiated tissue 
resident MSC that has been postulated. We also have not observed CNS 
engraftment or glial differentiation of the MSCs used in this study. This 
could be a function of restriction of engraftment by the blood-brain bar- 
rier, or the cell population we are utilizing may not have neural potential. 

Our results also support, but do not prove, the hypothesis that MSCs 
are distributed hematogenously during ontogeny to receptive tissues 
where they reside and ultimately differentiate. An intriguing observation 
relevant to this hypothesis is that circulating “stromal” elements can be 
isolated from human fetal blood up to but not beyond 15 weeks gestation 
(Campagnoli et al. 1999). These cells on early characterization have many 
properties analogous to MSCs and may prove to be the early cells that 
“seed” tissues, including hematopoietic stromal environments with stro- 
mal and mesenchymal progenitors. 

The current results provide little insight into the normal regulation of 
MSC fate in vivo. What regulatory signals cause MSCs to proliferate and 
differentiate? Do they participate in normal tissue repair? Can they “reju- 
venate” to any degree organs or tissues as they age? Do they respond to 
tissue injury in a beneficial manner? Our hope in the future is to utilize 
the sheep system to explore stimuli that may induce MSC response and to 
investigate other populations of MSC, such as those derived from the 
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early gestational human fetus, in our model to determine whether devel- 
opmental age of MSCs affects their fate. An improved understanding of 
the regulation of MSCs in vivo will help determine strategies to manipu- 
late MSCs for therapeutic benefit. It is clear that in order to utilize MSCs 
for tissue engineering, cellular, and gene therapy applications, we will 
need to understand how to deliver a large number of MSCs to specific 
sites and induce appropriate differentiation. This will require further 
insight into the normal and disease-induced regulation of MSC prolifera- 
tion and differentiation, the transplant immunology of MSCs, as well as 
the development of strategies for diffuse or site-specific delivery for spe- 
cific applications. 

The fate mapping of MSCs as well as other stem cell types is current- 
ly rudimentary and is inherently limited by our current methodologic and 
analytical capabilities. Future advances in stem cell understanding will 
require better characterization of stem cell populations, further definition 
of the signaling pathways that regulate stem cell behavior and the interac- 
tion between intrinsic and extrinsic regulatory influences, and advances in 
our ability to analyze complex biologic systems. The development of in 
vivo surrogate systems that can accurately recapitulate the normal bio- 
logic events in the life of a stem cell will be essential for unraveling the 
intricacies of stem cell fate. The human—sheep model may be particular- 
ly useful for such studies, as it represents a relatively unperturbed devel- 
opmental model that has thus far demonstrated long-term engraftment 
and multipotential differentiation of two human stem cell types. 
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NEURAL DEVELOPMENT DURING EMBRYOGENESIS 


Neural differentiation is an early embryonic event that occurs soon after 
germ layer specification. The newly formed ectoderm undergoes further 
patterning to separate into two identifiable components, the presumptive 
neural ectoderm and the presumptive epidermis. Neural tissue segregates as 
a clearly demarcated epithelium termed the neuroepithelium (or neuroec- 
toderm). The neuroepithelium generates the central nervous system (CNS) 
whereas cells at the margins of the neuroepithelium will generate the 
peripheral nervous system (PNS). Two groups of cells contribute to the 
PNS. Neural crest stem cells differentiate at the neuroectodermal/epithelial 
junction, and placodal precursors differentiate from cranial ectoderm that 
lies more laterally than the zone that generates neural crest (Fig. 1). 
Precursors that generate the PNS also contribute to nonneural structures, 
including pigment cells of the skin and craniofacial mesenchyme (for 
review, see Le Douarin and Kalchem 1999). 

Undifferentiated neural precursor cells, whether in the CNS, neural 
crest, or the placodes, proliferate, differentiate, and migrate to appropri- 
ate locations. Cells undergo further maturation and become postmitotic. 
Neuronal cells go on to project to appropriate targets, make synapses, and 
acquire the correct rostrocaudal and dorsoventral identity. Seminal work 
by a number of laboratories has led to rapid advances in our understand- 
ing of phenotypic specification (for review, see Rao 1999). An accumu- 
lating body of evidence suggests that neurogenesis follows a pattern of 
development similar to developmental patterns described in the liver, 
skin, and the hematopoietic system (Edlund and Jessell 1999; Rao 1999; 
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Figure 1 Neural differentiation during development. ES cells undergo differenti- 
ation in vitro and in vivo to generate ectodermal, endodermal, and mesodermal 
derivatives. The ectoderm subsequently undergoes differentiation to generate the 
CNS and PNS. Precursor cells arise from three different domains and generate 
distinct but overlapping derivatives. 


Weissman 2000). In each of these systems, tissue-specific stem cells are 
generated and undergo a series of developmental restrictions to generate 
more restricted progeny that ultimately give rise to fully differentiated 
cells. 

In this chapter, we discuss recent advances in our understanding of 
stem cells in the developing nervous system, their isolation, characteriza- 
tion, and role in normal development. We also discuss how some of the 
cell fate transitions may be achieved in vitro and the potential fates of 
these cells in vivo. More recently, increased interest and study of embry- 
onic stem cells has allowed the generation of specific cell types including 
neurally restricted precursors and differentiated neural precursor cells. 
These cells have great potential both in understanding basic developmen- 
tal programs and in therapeutic applications. 


MULTIPOTENT STEM CELLS IN NORMAL DEVELOPMENT 


The early neuroepithelium that will generate the CNS undergoes further 
growth to form a closed neural tube with a central canal either by folding 
or by aggregation and subsequent cavitation (see Jacobson 1991). 
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Initially, the neural tube consists of proliferating, morphologically homo- 
geneous cells termed neuroepithelial (NEP) stem cells (Kalyani et al. 
1997). NEP cells or neural stem cells (NSCs) are initially present in a sin- 
gle layer of pseudostratified epithelium spanning the entire distance from 
the central canal to the external limiting membrane (Sauer and Chittenden 
1959; Sauer and Walker 1959). NEP cells continue to proliferate, and are 
patterned over several days in vivo to generate mature neurons, oligoden- 
drocytes, and astrocytes (see Fig. 2) in a characteristic spatial and tempo- 
ral pattern (Hamburger 1948; Nornes and Das 1974; Hirano and Goldman 
1988; Phelps et al. 1988). Mitotic activity in the proliferating ventricular 
zone is accompanied by nuclear translocation within the cytoplasm. 
While the cells remain attached to the basal lamina, the nuclei move away 
from the lumen during the S phase of the mitotic cycle, and return near to 
the lumen when undergoing division, a process termed interkinetic 
nuclear migration (Seymour and Berry 1975). Detailed analysis has sug- 
gested that the abventricular translocation occurs in the G,/S transition 
(Takahashi et al. 1994), whereas adventricular transitions occur predomi- 
nantly in the M/G, transition (Fig. 3). Cell cycle time for the ventricular 
zone has been studied. It changes during development and cells appear 
synchronized with few differences in cell cycle times. Small changes in 
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Figure 2 Nuclear translocation and symmetric and asymmetric differentiation. 
Stem cells present in the ventricular zone undergo characteristic interkinetic 
nuclear translocation and can divide both symmetrically and asymmetrically to 
generate either another stem cell and a differentiated daughter cell or two stem 
cells or two differentiated daughter cells (not shown) with a consequent diminu- 
tion of the proliferating cell pool. The ratio of symmetric and asymmetric divi- 
sions changes during development with a consequent reduction in the number of 
multipotent stem cells present in the adult. 
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MULTIPOTENT NEURAL PRECURSOR 
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Figure 3 Neural stem cells during development. Early fetal stem cells express 
characteristic markers, can undergo self-renewal, die by a process of pro- 
grammed cell death, differentiate into neuronal and nonneuronal derivatives, or 
mature to form adult stem cells that differ from early multipotent stem cells in 
growth factor dependence, cell cycle kinetics, migration, and differentiation 
potential (see text for details). 


cell cycle kinetics can change the total number of cells generated signif- 
icantly (Cai et al. 1997; Mione et al. 1997). Cell cycle kinetics are regu- 
lated by extrinsic growth factors, and differential growth of stem cells 
may serve to sculpt the developing brain. Programmed cell death (PCD) 
may be important in regulating stem cell number (for review, see Gilmore 
et al. 2000; Raoul et al. 2000), although details of its exact role are not 
known. Stem cells generate differentiated progeny that lose their attach- 
ment to the basal lamina and rapidly migrate to the overlying layers of the 
cortex. Progenitor cells begin to express differentiation markers while 
migrating and can be distinguished from stem cells by such expression. 
Multipotent cells in the ventricular zone undergo both symmetrical and 
asymmetrical divisions. Cai et al. (1997) used retroviral labeling to show 
that approximately 48% of labeled cells formed clusters located entirely 
within the ventricular zone, suggesting self-renewal via symmetrical divi- 
sions. Approximately 20% of cells, however, appeared to generate cells in 
both the ventricular zone and the mantle, suggesting at least some asym- 
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metrical divisions. Whether a cell will undergo symmetric or asymmetric 
divisions depends on whether molecules asymmetrically distributed with- 
in the cytoplasm are differentially partitioned into the two daughter cells 
(for review, see Temple 2000). It has been suggested that notch, numb, 
and possibly other molecules are distributed apically or basally (for 
review, see Morrison et al. 1997). Divisions in the horizontal plane will 
result in asymmetrical localization of notch and numb to the two daugh- 
ter cells with consequent differences in cell fate. Divisions in an oblique 
or perpendicular plane will result in a more equal partitioning with a 
greater likelihood of symmetric divisions (see Fig. 3). How the axis of 
cell division is determined is a subject of study, and possible mechanisms 
are discussed by Jan and Jan (1998). The relationship between nuclear 
migration and symmetric and asymmetric cell division has been studied 
primarily in the telencephalic neuroepithelium (Chenn and McConnell 
1995; Zhong et al. 1997; Chenn et al. 1998; for review, see Jan and Jan 
1998), but it is likely that similar relationships are also important in the 
spinal cord. 

As development proceeds, the ventricle becomes significantly dimin- 
ished in size and the characteristics of the cells present in the ventricular 
zone change. It is thought that the ependymal cells represent the remnants 
of the ventricular zone stem cells, although some cells persist as undif- 
ferentiated cells in or near the subependymal layer (Smart 1961; 
Morshead and van der Kooy 1992). Proliferating cells are seen in an addi- 
tional zone of precursor cells termed the subventricular zone (svz), which 
is derived from the ventricular zone during embryonic development 
(Reznikov et al. 1997) and persists throughout life. The svz contains a 
mixed population of precursor cells that can generate neurons and glia 
(Reynolds and Weiss 1992; Lois and Alvarez-Buylla 1993; Craig et al. 
1996; Doetsch and Alvarez-Buylla 1996). This zone may contribute to 
ongoing neurogenesis that continues throughout life. A svz is not present 
in the spinal cord, hindbrain, or cerebellum, and little postnatal neuroge- 
nesis is seen in these brain regions (Gilbert 1988; Jacobson 1991; Horner 
et al. 2000). Within the cerebellum there exists a separate zone of prolif- 
erating precursors termed the external granule cell layer (egl). The egl is 
a transient layer of proliferating precursors derived from the ventricular 
zone of the midbrain and hindbrain that disappears in the early postnatal 
period (for review, see Hatten and Heintz 1995) and generates the gran- 
ule cells of the cerebellum. 

Characteristics of cells present in each of these developmental zones 
have been described (for review, see Mayer-Proschel and Rao 2000). 
Much of the focus has been on the cortical ventricular zone, although 
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pluripotent stem cells that self-renew and generate neurons, astrocytes, 
and oligodendrocytes (see Fig. 3) have been identified from the entire 
neural axis. Evidence of pluripotentiality includes retroviral labeling (see, 
e.g., Price et al. 1991; Levison and Goldman 1997), transplantation of 
clonal cell populations (McKay 1992), and characterizing stem cells in 
clonal and mass culture (Johe et al. 1996; Reynolds and Weiss 1996; 
Kalyani et al. 1997; Qian et al. 1997). Fetal precursor cells appear to 
express certain characteristic features. They require fibroblast growth fac- 
tor (FGF) for their proliferation in vivo and in vitro and express nestin and 
additional markers (summarized in Table 1). An emerging consensus is 
that although cells present in all of these different regions are multipotent 
and display common features, they are nevertheless distinguishable from 
each other in growth factor dependence, cell cycle time, markers, and 
ability to differentiate (for review, see Rao 1999). Stem cells isolated from 
the spinal cord and early stages of embryogenesis appear to require FGF 
for their survival, whereas stem cells isolated from more rostral regions at 
later developmental stages seem equally responsive to FGF and/or epi- 
dermal growth factor (EGF) (for review, see Rao 1999). The cell cycle 
time progressively lengthens as the embryo matures and, in the adult, 
stem cells can be detected in multiple regions, including the cortex. 
Cortical stem cells express polysialated N-CAM whereas cells that 
remain in the adult svz express glial fibrillary acid protein (GFAP) 
immunoreactivity (Marmur et al. 1998; Doetsch et al. 1999). Stem cells 
in vivo also express rostrocaudal positional markers (for review, see 


Table 1 Multiple types of multipotent cells are present in the nervous system 


Classification Characteristics 

Embryonic stem cells | FGF-dependent, nestin-immunoreactive cells present 
in the ventricular zone along the entire rostrocaudal 
axis including the cerebellum, midbrain, and 


hindbrain 
Adult stem cells EGF-dependent, nestin-immunoreactive cells present 
in the subventricular zone, spinal cord, and cortex 
Retinal stem cells nestin-immunoreactive, Chx10-expressing, dividing 


cells that are biased toward retinal differentiation 
Hypothalamic-pituitary nestin-immunoreactive, dividing cells that require 
stem cells NOS for activity 
Neural crest stem cells, nestin, p75, HNK-1-immunoreactive 
stem cells 
Placodal stem cells nestin-immunoreactive 


Some examples of stem cells present in the nervous system are listed, and their salient character- 
istics are summarized. Refer to text for details and their potential lineage relationship. 
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Rubenstein and Rakic 1999), and these markers are maintained in culture. 
Response to neurotransmitters is also different. Ventricular zone stem 
cells proliferate in response to glutamate whereas subventricular zone 
stem cells respond to glutamate with a reduction in proliferation (P. 
Rakic, pers. comm.). Transplant studies have also suggested a bias in dif- 
ferentiation potential. For example, cells present in the lateral ganglionic 
eminence (LGE) differ in their migration and differentiation properties 
from cells present in the medial ganglionic eminence (MGE) (Wichterle 
et al. 1999). 

The available data do not allow us to draw any strong conclusions 
about how these differences arise. Either a common multipotent stem cell 
undergoes specification as development proceeds or multiple classes of 
multipotent cells arise at an early developmental age. Distinguishing 
between these possibilities, except in select instances, has been difficult. 
In the case of embryonic FGF-dependent neuroepithelial stem cells and 
later arising EGF-dependent neurospheres, a direct lineage relationship 
has been established. Early rat multipotent stem cells present from E10 
onward are FGF-dependent (Kalyani et al. 1997). FGF-dependent cells 
undergo maturation and begin to respond to EGF by proliferation 
(Ciccolini and Svendsen 1998; Tropepe et al. 1999). The EGF-responsive 
cells can be maintained solely in EGF and appear to be present from E14 
onward. At early developmental ages, both EGF- and FGF-dependent 
stem cells are present and likely continue to coexist in the adult. Proof 
that FGF-dependent stem cells generate EGF-dependent cells came from 
culture experiments and the use of chimeric mice (Tropepe et al. 1999). 
In these experiments, initially only an FGF-dependent population of stem 
cells was present, but later in development FGF-dependent and EGF- 
dependent cells (which arise from FGF-dependent cells) are both present. 

Stem cells have now been isolated from proliferating ventricular and 
subventricular zones of the developing forebrain as well as from the 
spinal cord, cortex, midbrain, and hindbrain. In addition, stem cells have 
also been identified in another area of the mammalian CNS, the neuro- 
hypophyseal system of the endocrine hypothalamus. Stem cells emerge 
from the subependymal regions of the third cerebral ventricle, migrate, 
generate neurons, and repopulate the region after hypophysectomy. Up- 
regulation of nitric oxide synthase (NOS) seems to be essential for this 
process (Scott and Hansen 1997). Another specialized region of the brain 
from which stem cells have been identified is the neural retina. Two lab- 
oratories have independently isolated and characterized retinal stem cells 
(Ahmad et al. 2000; Tropepe et al. 2000). Both groups showed that 
embryonic and adult retinas contain a multipotent, self-renewing stem 
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cell. This cell is preferentially localized to the ciliary margin and requires 
FGF, and perhaps EGF, for survival. Individual retinal stem cells are mul- 
tipotent and can generate retinal derivatives in mass and clonal culture. 
The retinal stem cell differed from CNS stem cells in the expression of 
retinal-specific genes such as Chx-10 and appears to preferentially dif- 
ferentiate into retinal cells. 

Overall, the available evidence shows that stem cells exist in multiple 
regions of the developing and adult brain, and specialized stem cells exist 
in specific regions. These multipotent cells are present at the appropriate 
time and place to play a role in normal development and can be distin- 
guished on the basis of growth factor dependence, time of isolation, cell 
surface receptors, transcription factors expressed, and their ability to dif- 
ferentiate into specific subtypes of cells. 


RESTRICTED PRECURSORS 


Multipotent stem cells do not appear to migrate extensively and are large- 
ly localized to the ventricular zones (however, see cortical stem cells 
above), but their derivatives do migrate. During development, differenti- 
ating cells lose their attachment to the basal lamina and migrate from the 
ventricular zone to appropriate target sites. Migrating neuronal precursor 
cells express markers of differentiation and follow radial glial and nonra- 
dial glial pathways of migration to terminal sites. Glial precursors do not 
appear to require radial glia for migration, and their exact mode of migra- 
tion remains to be determined. In the spinal cord the first postmitotic cells 
to differentiate are ventral motoneurons, followed by more dorsal neu- 
ronal phenotypes. In the cortex, differentiation is layer-specific, with 
early-born neurons being present in the lowest layers. Neuronal precur- 
sors migrate past formed layers to form successively more superficial lay- 
ers (see, e.g., McConnell 1988). Neurogenesis, except in certain specific 
regions, persists from E11 to E17 in rats (Nornes and Das 1974; Altman 
and Bayer 1984; Phelps et al. 1988) and precedes (but overlaps) differen- 
tiation of oligodendrocytes and astrocytes (Abney et al. 1981; Miller et al. 
1985; Frederiksen and McKay 1988; Hirano and Goldman 1988). A vari- 
ety of evidence suggests that multipotent stem cells generate differentiat- 
ed mature neurons via the generation of more restricted precursors. 
Bromodeoxyuridine (BrdU) labeling studies have shown that some 
cell division occurs in migrating cells as well as in white matter, suggest- 
ing that cells may continue to divide after leaving the ventricular zone. 
These migrating precursors have been isolated and shown to possess at 
least limited self-renewal potential and retain the ability to generate mul- 
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tiple derivatives. We have termed these cells restricted precursors and 
classified them on the basis of their differentiation ability. Thus, neuronal 
restricted precursors can generate multiple classes of neurons, but not 
astrocytes or oligodendrocytes, under conditions in which multipotent 
stem cells generate such derivatives. Multiple classes of such precursors 
have been identified and are discussed below (also see Fig. 5). 

By analogy to the hematopoietic system, these cells would be termed 
blast cells or restricted progenitor cells. Compared to multipotent stem 
cells, they have a more limited self-renewing ability and are more restrict- 
ed in their ability to differentiate. In the hematopoietic system, where pro- 
longed self-renewal is a necessary requisite for therapy, blast cells are of 
limited therapeutic value. In the nervous system, however, cellular 
replacement is not an ongoing requirement, and thus replacement by cells 
that have a more limited self-renewal ability may be preferred. 
Transplanting cells with a restricted differentiation potential would 
reduce the chance of tumor formation or heterotopias. Furthermore, it is 
more likely that cues for normal differentiation would be present, and 
more differentiated cells would be far more likely to respond to cues 
present in the adult. Finally, the availability of more restricted precursor 
cells may provide the ability to replace selected populations of cells. In 
the following section, we describe some of the lineage-restricted precur- 
sors that have been characterized and discuss their therapeutic potential. 


Neuron-restricted Precursors 


A number of in vivo and in vitro experiments over the years have provid- 
ed evidence that NRPs are present and play an important role in normal 
development. Strong evidence for the existence of NRPs in vivo came 
from retroviral-labeling experiments (Luskin et al. 1988; Parnavelas et al. 
1991; Price et al. 1991; Grove et al. 1992; Lavdas et al. 1996; Levison and 
Goldman 1997). Labeled single cells and their progeny gave rise to clones 
that comprised solely neurons. Clones that contained a single class of 
neurons as well as clones that contained multiple kinds of neurons were 
identified, suggesting precursors exist that could undergo at least limited 
self-renewal and generate solely neurons. Progeny arising from these 
clones were present in clusters or were widely dispersed, suggesting that 
they could undertake radial and nonradial migration (Luskin 1994; Price 
and Thurlow 1988). Since in the same experiments other clones could be 
identified that generated solely glial cells, it appeared likely that the 
restriction seen was intrinsic to the cells and that the environment at this 
stage could support both neuronal and glial differentiation (Grove et al. 
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1993). The generation of restricted precursors appears to be a late devel- 
opmental event as analysis in vivo and in vitro at early embryonic ages 
generated largely multipotent clones, whereas at later stages, primarily 
unipotent clones were seen (Temple 1989; Williams and Price 1995; 
Lavdas et al. 1996; Levison and Goldman 1997). If cells were followed at 
later stages of development, most precursor cells gave rise to either neu- 
rons or oligodendrocytes or astrocytes (Luskin et al. 1988). Few mixed 
clones were detected, suggesting that initially multipotent stem cells gen- 
erate differentiated cells via the generation of more restricted precursors. 

The existence of NRPs (Fig. 4) has also been corroborated by in vitro 
culture assays. Early work by Gensburger et al. (1987) had shown the pres- 
ence of neurofilament-positive cells from 13-day-old rat embryos that pro- 
liferate in culture in response to bFGF. Other investigators have maintained 
dividing neuronal precursors from a number of regions of the mammalian 
brain (Temple 1989; Cattaneo and McKay 1990; Deloulme et al. 1991; 
Gao et al. 1991; Ray and Gage 1994; Palmer et al. 1995; Shihabuddin et 
al. 1997; Brewer 1999; Mujtaba et al. 1999) although, except in selected 
cases, the cultures were not pure NRP populations. Other experiments 
(Blass-Kampmann et al. 1994) suggested that embryonal N-CAM was 
expressed by neuronal and astrocytic precursors and could be used to iso- 
late these cells. Mayer-Proschel and colleagues (Mayer-Proschel et al. 
1997; Kalyani et al. 1998; Mujtaba et al. 1999; Yang et al. 2000) used anti- 
body panning to isolate a pure population of NRP cells that could differ- 
entiate into multiple classes of neurons. They did not differentiate into 
astrocytes and oligodendrocytes, even in conditions where multipotent 
stem cells or glial precursors did. The authors have termed these cells NRP 
cells and have shown that, when transplanted in vivo, they remain restrict- 
ed to differentiate into neurons. Although restricted to neuronal differenti- 
ation, these early NRPs could differentiate into excitatory, inhibitory, and 
cholinergic neurons (Yang et al. 2000). Direct isolation of neuronal pre- 
cursors, which do not generate glial cells, has been achieved by fluores- 
cence sorting after transfection with GFP constructs under the control of 
the Tal tubulin early promoter (Wang et al. 1998). 

Equally important are recent results that clearly establish a lineage 
relationship between multipotent stem cells and more restricted precursor 
cells. Neuroepithelial precursors (NEP) from the spinal cord have been 
shown to give rise to NRPs (Kalyani et al. 1997; Mayer-Proschel et al. 
1997). NEP cells generate E-NCAM-immunoreactive cells that can further 
differentiate into neurons of multiple phenotypes in culture, including 
some that are not normally observed in the spinal cord. They do not give 
rise to oligodendrocytes or astrocytes (Kalyani et al. 1998). NRP cells iso- 
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Figure 4 Neuron-restricted precursors. Cells that generate primarily neurons have 
been isolated from multiple regions of the brain. These cells share many charac- 
teristics but are likely to differ in the expression of region-specific markers and 
their ability to differentiate into specific subclasses of neurons. Differentiated 
neurons have been classified based on their morphology, neurotransmitter pro- 
file, response to neurotransmitters, and electrophysiological response to excita- 
tory or inhibitory input. 


lated from NEP cells seem identical to those generated directly from the 
developing spinal cord (Ray and Gage 1994; Mayer-Proschel et al. 1997; 
Kalyani et al. 1998; Mujtaba et al. 1999). Vescovi et al. (1993) have also 
showed that transient exposure to bFGF can cause the differentiation of 
EGF-responsive precursors into secondary progenitors, some of which 
give rise to neurons alone (Vescovi et al. 1993). It is important to empha- 
size here that work with cultured precursor cells from the embryonic CNS 
has been consistent with much of the in vivo observations. In particular, 
the retroviral labeling of cells in vivo or following single cells in culture 
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has allowed the unambiguous delineation of lineage and potential of pro- 
liferating precursors (Temple 1989; Kilpatrick and Bartlett 1993). 

Neuronal precursors have also been isolated from the developing 
human brain by fluorescence sorting after transfection with GFP con- 
structs under the control of the Ta1 tubulin promoter. Goldman and col- 
leagues have recently reported the successful use of neuronal promoter- 
targeted screening techniques to obtain neuronal precursors from adult 
human hippocampus. These precursors divide in vitro and mature to form 
physiologically active neurons (Roy et al. 2000b). Using the same tech- 
nique, neuronal precursors have been isolated from the adult ventricular 
zone (Roy et al. 2000a). Not surprisingly, a human immortalized and neu- 
ron-restricted spinal precursor cell line (HSP-1) has been identified. This 
cell line may represent the equivalent of NRPs in humans, an idea strong- 
ly supported by the fact that it does not differentiate into astrocytes or 
oligodendrocytes under conditions where they are usually generated (Li 
et al. 2000). 


Are There Subclasses of NRPs? 


When marked SVZa cells from postnatal mice are transplanted in utero 
into the ventricles of E15 mice, they integrate at multiple levels through- 
out the neuraxis and form neurons. Interestingly, the migration is not uni- 
form into all areas of the brain. Transplanted cells were not seen in the 
cortex or the hippocampus of the recipient (Lim et al. 1997). Stem cells 
from the adult forebrain of rats also could be directed to increased gener- 
ation of neurons in the presence of insulin-like growth factor 1 (IGF-1) 
and heparin (Brooker et al. 2000). External cues as well as intrinsic poten- 
tial, therefore, seem to play a role. Similarly, Luskin and coworkers have 
shown that the origin of the precursor cells seems to be important in 
determining the efficiency with which NRPs integrate in a homotypic or 
heterotypic site (Zigova et al. 1996). Embryonic neurons from the medi- 
al ganglionic eminence seem to be more widely dispersed and differenti- 
ate in multiple areas of the adult brain in comparison to cells from the lat- 
eral ganglionic eminence (Wichterle et al. 1999). 

Progenitor cells, isolated from postnatal mouse hippocampus, cultured 
in the presence of EGF, divide, and on addition of brain-derived neu- 
rotrophic factor, give rise to pyramidal-like neurons (Shetty and Turner 
1998). When transplanted into the cerebellum, however, these progenitors 
do not give rise to neurons, and when introduced into the rostral olfactory 
tract, only a few cells migrated into the olfactory bulb to give tyrosine 
hydroxylase (TH)-positive neurons (Suhonen et al. 1996). Thus, multipo- 
tent precursors isolated from different regions of the developing brain are 
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likely to differ depending on the developmental stage and region from 
which they were isolated. 


Glial-restricted Precursors 


Radial glia are the first identified glial population to develop, followed by 
glial precursors, followed by astrocytes and oligodendrocytes (Rakic 
1972). Unlike most neurons, which cease to divide postnatally, astrocytes 
continue to be generated in adults (Altman 1966; Sturrock 1982). 
Oligodendrocytes do not divide, dedifferentiate, or reenter the cell cycle 
(for review, see Blakemore and Keirstead 1999; for an alternate view- 
point, see Grinspan et al. 1994). However, precursors to oligodendrocytes 
exist and their division persists, albeit at a slow rate, throughout life 
(Bensted et al. 1957; Fujita 1965). Extrinsic signals can modulate cell 
division, and the rate of oligodendrocyte differentiation is increased after 
demyelinating lesions (McMorris et al. 1986; Gensert and Goldman 
1996). Current evidence suggests that glial cells differentiate from multi- 
potential stem cells by sequential stages of restriction in developmental 
potential, and several types of glial precursors (Fig. 5) have been identi- 
fied (for review, see Rao 1999; Lee et al. 2000). 

Glial precursors are first seen at E13 in mice and E14.5 in rats in mul- 
tiple restricted foci (Spassky et al. 1998). In the developing caudal neur- 
al tube, glial precursors arise in ventral regions and migrate both dorsal- 
ly and ventrally, and differentiate into oligodendrocytes (Timsit et al. 
1995; Miller 1996; Hardy 1997; Spassky et al. 1998). Astrocyte differen- 
tiation is first observed in the dorsal region although the location of astro- 
cyte precursors within the neural tube remains to be determined (Fok- 
Seang and Miller 1994; Pringle et al. 1998). 

Rao and colleagues have suggested that the early precursor identified 
on the basis of A2B5 immunoreactivity, the expression of PLP-DM20 and 
Nkx2.2, and the absence of platelet-derived growth factor receptor-o 
(PDGFR-Q) immunoreactivity, is the precursor for both astrocytes and 
oligodendrocytes. These investigators used immunopanning to isolate 
A2B5 immunoreactive cells and showed that these cells differed from 
multipotent stem cells and NRPs and that these glial precursors could 
generate astrocytes and oligodendrocytes both in vitro and in vivo. The 
investigators termed these cells glial restricted precursors (GRPs) and 
showed that they differentiated from multipotent stem cells, thereby 
establishing a direct relationship between these two precursor populations 
(Rao and Mayer-Proschel 1997; Rao et al. 1998). 

Mayer-Proschel and colleagues have further characterized the process 
of differentiation. They have shown that GRP cells acquire PDGFR-o 
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Figure 5 Glial-restricted precursors. A potential lineage relationship between 
multipotent stem cells, glial precursors, and even more restricted unipotent pre- 
cursors is shown. It is important to emphasize that only some of these relation- 
ships have been directly demonstrated. The relationship between GRPs and 
aldynoglia remains to be established. 


immunoreactivity and PDGF dependence upon prolonged culture. GRP 
cells can generate more differentiated precursors that do not generate 
astrocytes in vivo but can generate oligodendrocytes and thus resemble 
the well-characterized O2A progenitor cell (M. Mayer-Proschel, pers. 
comm.). This transition is also likely to occur in vivo. Mengsheng Qiu 
and colleagues have used Nkx2.2 expression to follow glial precursors 
and were able to show that glial precursors do not initally express 
PDGFR- immunoreactivity but acquire it within 2 days of developmen- 
tal time (Qiu et al. 1998). Spassky and colleagues have likewise shown 
that when the expression of LacZ is driven by the PLP promoter, they see 
multiple foci of expression that match regions of A2B5 immunoreactivi- 
ty and do not overlap regions of PDGFR-a immunoreactivity (Spassky et 
al. 1998). Cells isolated at this early stage appear capable of differentiat- 
ing into both astrocytes and oligodendrocytes, providing independent 
confirmation of the existence of an oligodendrocyte—astrocyte precursor. 

Another class of glial precursors found in a structure termed the 
oligosphere has been described by Avellana-Adalid et al. (1996). 
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Oligospheres are floating aggregates, generated from neonatal rat brains, 
containing presumably homogeneous populations of A2B5 immunoreac- 
tive cells. These aggregates can be propagated as undifferentiated cells for 
long periods of time and can differentiate into oligodendrocytes and 
astrocytes in culture or after transplantation (Zhang et al. 1998; Briistle et 
al. 1999). Similar cultures of oligospheres have been obtained from the 
subependymal striata of adult rats and canines (Zhang et al. 1998; Briistle 
1999). 

Apart from precursors that can generate both astrocytes and oligo- 
dendrocytes, more restricted precursors have been isolated. The best char- 
acterized of all such precursors is the O2A or oligodendrocyte type-2 
astrocyte precursor cell. This cell was initially isolated from the optic 
nerve (Raff et al. 1983) and has been subsequently shown to exist in mul- 
tiple brain regions (Raine et al. 1981; Prabhakar et al. 1995; Scolding et 
al. 1995). Unlike the GRP cell, it does not differentiate into astrocytes 
when transplanted in vivo and thus appears more restricted in its differen- 
tiation potential. It is likely that at least some O2A cells arise from GRP 
cells, but it is not clear whether additional pathways of glial differentiation 
exist. A variety of astrocyte precursors have also been identified. One such 
population is the astrocyte precursor cell (APC) that gives rise to astro- 
cytes alone (Mi and Barres 1999). These have been isolated from embry- 
onic and P1 rat optic nerves by immunopanning with an astrocyte-lineage- 
specific anti-neuroepithelial antibody (C5) (Miller et al. 1984). In culture, 
APCs differentiate into type-1 astrocytes alone. APCs have an antigenic 
phenotype that is GFAP ~, A2B5", and Pax2*, whereas type-1 astrocytes 
are GFAP”, A2BS,, and Pax2*. APCs are different from O2A cells, since 
no oligodendrocytes are obtained. Levels of the A2B5 antigen are found to 
be lower in APCs than in other precursors. Astrocytes have been generat- 
ed from the dorsal spinal cord, which suggests the existence of an astro- 
cyte precursor (Hall et al. 1996; Pringle et al. 1998). A2B5" cells have also 
been identified in the dorsal spinal cord. This raises the possibility that 
cells similar to APCs exist in the spinal cord. Seidman et al. (1997) have 
also described an immortalized astrocyte-restricted precursor cell line. 
This cell line, isolated from E16 mouse cerebellum, proliferates in 
response to EGF and, upon EGF withdrawal and the addition of bFGF, 
develops the morphology and expression pattern of a fibrous astrocyte. 

Specialized glia such as Bergmann glia or Muller glia provide a dif- 
ferent view of glial cell production and differentiation. Recently, Gudino- 
Cabrera and Nieto-Sampedro have suggested that Muller glia and olfacto- 
ry ensheathing cells belong to a third glial population, distinguished on the 
basis of antigenic and functional criteria. This population of glial cells, 
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termed aldynoglia (Gudino-Cabrera and Nieto-Sampedro 1999), includes 
olfactory ensheathing cells, tanycytes, pituocytes, pineal glial, Muller 
glial, and Bergman glial cells. These cells are distinguished from astro- 
cytes and oligodendrocytes in that they concomitantly express 04, GFAP, 
P75, and estrogen receptor a. Differentiating these cells from other glial 
populations is primarily their potential functional importance. They appear 
to have dramatic growth- and regeneration-promoting properties. In par- 
ticular, transplanted olfactory ensheathing cells have shown remarkable 
ability to promote axonal regeneration and functional recovery (Ramon- 
Cueto et al. 2000). How these cells are lineally related to the more 
prevalent glial populations present in the brain is not known. Muller glia, 
a specialized retinal glial cell, is one of the last cell types to mature in the 
retina. It does not seem to arise from a glial-restricted precursor, but rather 
from a multipotential precursor that also gives rise to neurons (Turner et 
al. 1990). It has been suggested that Muller glia can dedifferentiate to give 
rise to retinal stem cells in amphibian and avian retina (Reh and Levine 
1998). More recently, stem cells have been identified in the mammalian 
retina that give rise to Muller glia in culture (Tropepe et al. 2000). Another 
specialized glial cell type is the intrafascicular ensheathing cells in the 
olfactory bulb, which ensheathe olfactory axons. They are unique in that 
they seem to have a mixture of astrocytic and oligodendrocytic properties 
(Doucette 1993). These cells may arise from the olfactory placode and 
express the homeoprotein Otx-2 (Mallamaci et al. 1996; Ramon-Cueto 
and Avila 1998). Thus, these specialized glia, although functionally simi- 
lar, may have distinct embryological origins. Of interest, however, is a 
recent observation by Blakemore and colleagues on the differentiation of 
CNS glial precursors. They isolated CNS glial precursors and showed that 
they generated Schwann-like cells in addition to astrocytes and oligoden- 
drocytes (Keirstead et al. 1999). This result raises the possibility that some 
aldynoglia share a common lineage with other glial precursors. In conclu- 
sion, the recent identification of GRPs and the relationship between dif- 
ferent glial cell types has led to a clearer understanding of gliogenesis. The 
molecular mechanisms involved await further studies. 


Neural Crest Stem Cells 


The neural crest is a late development in the evolution of vertebrates and 
is of importance because of the variety of derivatives that arise from this 
specialized population of cells (Northcutt and Gans 1983). Crest cells seg- 
regate from the developing neural tube at or around the time of neural tube 
closure. The exact process of delamination is species dependent. In mice, 
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cells begin to delaminate before the tube has completely closed (Nieto et 
al. 1992), whereas in the chick, a premigratory form of crest exists and can 
be reconstituted from surrounding tissue (Scherson et al. 1993). 

Crest stem cells differ from CNS stem cells discussed earlier because 
of their extensive migration ability, their epithelial to mesenchymal tran- 
sition, and the phenotypes that they can differentiate into (for review, see 
Ayer-Le Lievre and Le Douarin 1982; Douarin 1983; Anderson et al. 
1997; Baker and Bronner-Fraser 1997; LaBonne and Bronner-Fraser 
1998). The neural crest stem cell (NCSC) has been isolated and charac- 
terized in multiple species and, although it is a transient population, it 
nevertheless fulfills all the criteria of a stem cell (Morrison et al. 1999). 
The NCSC cell is multipotent, undergoes self-renewal, and can generate 
multiple phenotypes that include craniofacial mesoderm, melanocytes, 
and the neurons and glia of the PNS (for review, see Ayer-Le Lievre and 
Le Douarin 1982; Douarin 1983; Bronner-Fraser 1995a,b). It is important 
to note that NCSC, like mesodermal stem cells (Bianco and Cossu 1999; 
Seale and Rudnicki 2000), can generate mesodermal derivatives includ- 
ing bone, cartilage, smooth muscle, etc. The potential of neural crest to 
generate craniofacial mesenchyme was initially thought to be limited to 
the cranial crest, but several groups have shown that crest from more cau- 
dal regions is equally capable of differentiating into nonneural deriva- 
tives. What restricts this developmental potential in more caudal regions 
of the embryo remains undefined. 

Evidence from chick embryo experiments at early developmental 
stages suggests that NCSC and differentiated CNS cells share a common 
progenitor (Bronner-Fraser and Fraser 1988, 1989; Sanes 1989; Leber et 
al. 1990; Scherson et al. 1993; Artinger et al. 1995; Mujtaba et al. 1998). 
Additional evidence that the CNS and the PNS share a common precur- 
sor comes from chick neural fold ablation experiments which demon- 
strate that cells of the remaining neural tube have the regulative capacity 
to compensate for the ablated neural crest cells (Scherson et al. 1993). 
These results suggest that neuroepithelial cells normally destined to form 
the CNS have the ability to regulate their prospective fates to generate 
PNS derivatives. Recent work from two different laboratories has shown 
that FGF-dependent multipotent CNS stem cells likely represent the com- 
mon CNS-PNS precursor in rats. Mujtaba and colleagues (1998) have 
shown that NEP cells can generate p75/nestin immunoreactive cells that 
are morphologically and antigenically similar to previously characterized 
NCSCs (Stemple and Anderson 1992; Ito et al. 1993; Rao and Anderson 
1997). NEP-derived p75 immunoreactive cells differentiate into peripher- 
al neurons, smooth muscle, and Schwann cells in both mass and clonal 
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culture. More importantly, clonal analysis indicates that individual NEP 
cells could generate both CNS and PNS derivatives, providing evidence 
for the first time of a direct lineage relationship between these two dis- 
tinct cell types. In addition, McKay and colleagues have shown that cor- 
tical stem cells which were isolated at a stage well after neural crest 
migration has taken place still retain their ability to differentiate into PNS 
derivatives (Hazel et al. 1997). No data regarding the ability of EGF- 
dependent neurosphere cells to generate crest or PNS derivatives exist. 
Although the NEP cell can generate NCSCs, it is unclear whether NCSCs 
can differentiate into CNS derivatives. Transplants of neural crest into the 
spinal cord result in Schwann cell differentiation but not into CNS deriv- 
atives, suggesting that the NCSC is a restricted precursor cell. 

NCSCs isolated during crest migration have a characteristic pheno- 
type but may not represent the sole kind of multipotent crest precursor 
(see Fig. 6). Multiple classes of stem cells are likely to be present, and in 
this respect, PNS differentiation may be similar to CNS differentiation. 
Initial results have suggested that there is some rostrocaudal patterning 
that distinguishes crest cells from each other and thus biases their differ- 
entiation potential. For example, the ability to contribute to heart devel- 
opment is normally restricted to a specific rostrocaudal level (for review, 
see Kirby 1990; Creazzo et al. 1998).Clonal assays have suggested, how- 
ever, that even caudal crest can differentiate into smooth muscle and when 
transplanted will migrate to the heart (M.S. Rao and M. Bronner-Fraser, 
unpubl.). Sommer and colleagues have identified a subpopulation of crest 
precursors that, unlike most NCSCs, express PMP-22 (Hagedorn et al. 
1999). These cells, nevertheless, are multipotent by the same criteria that 
have been used to establish the stem cell potential of neural crest. 

Like the CNS stem cell, it is likely that the NCSC also generates dif- 
ferentiated progeny via the generation of more restricted precursors. 
Although a detailed description of the multiple classes of more restricted 
precursors identified is beyond the scope of this chapter, several restrict- 
ed precursors have been identified. Of interest are Schwann cell precur- 
sors that appear to be the equivalent of PNS glial restricted precursors 
(Mirsky and Jessen 1996). Schwann cells perform the functions of both 
astrocytes and oligodendrocytes and are known to be important in pro- 
moting axonal regeneration and recovery in peripheral nerves. A 
melanocyte precursor may also exist, and Weston and colleagues have 
suggested the existence of such restricted precursors (Weston 1991). 
Anderson and colleagues have immortalized a sympathoadrenal precur- 
sor that makes sympathetic neurons and adrenal chromaffin cells 
(Vandenbergh et al. 1991). The enteric nervous system may also be pop- 
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Figure 6 Neural crest stem cells. A potential lineage of crest cells is illustrated. 
ES cells and CNS stem cells have both been shown to generate melanocytes and 
other crest derivatives. A variety of evidence suggests that a common CNS-PNS 
precursor exists at early stages of embryonic development and that at later stages 
PNS derivatives are derived from VENT cells and late emigrating neural crest 
populations. 


ulated by more restricted precursors (for review, see Gershon 1997). Thus, 
NCSCs represent a lineage-restricted precursor cell that can generate 
PNS but not CNS derivatives. As in the CNS, differentiation appears to 
progress through sequential stages of more differentiated cells. Although 
such classes of cells have been identified, these cells have not been char- 
acterized in as much detail due to the limited numbers of cells available 
for analysis and the small number of stage-specific markers available. 
Two other populations of cells that contribute to the developing PNS 
have been described. Both appear to differentiate later than NCSCs and 
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migrate along characteristic pathways. One population, termed the late 
emigrating crest cell population (Korade and Frank 1996; Sharma et al. 
1995), emigrates along dorsal nerve roots along the rostrocaudal axis and 
can contribute neurons and glia to the sensory ganglia. Frank and col- 
leagues have shown that this population may also contribute to pigment 
cell development and perhaps to sensory neuron derivatives (Sharma et al. 
1995). Sohal and colleagues have described yet another population of 
cells that arise from the neural tube and migrate through the ventral roots 
of cranial nerves (Sohal et al. 1996, 1998; Poelmann and Gittenberger-de 
Groot 1999) and contribute to a variety of tissues. These cells have been 
termed ventrally emigrating neural cells or VENT cells. VENT cells dif- 
fer from neural crest in that they arise later from ventral neural tube and 
do not express HNK-1 immunoreactivity (a marker for emigrating neural 
crest), and the repertoire of their phenotypes is distinct. Sohal and col- 
leagues used replication-deficient retrovirus to label VENT cells and fol- 
low their differentiation. VENT cells followed nerve roots of the cranial 
ganglia and could be localized to a variety of tissue that included the 
trigeminal ganglion, heart, cartilage, vascular smooth muscle, and liver 
(for review, see Erickson and Weston 1999). These results suggest that 
neural precursor cells are more pluripotent than previously supposed and 
may be capable of generating ectodermal and mesodermal cells. The 
developmental significance of these populations of late emigrating cells 
is unclear. No specific ablation experiments have been performed, and the 
importance of discrete multipotent populations that contribute to the same 
developing structure remains to be determined. The existence of these 
populations, however, needs to be taken into account as a potential atypi- 
cal source of cells for cellular replacement strategies. 


Adult Precursor Cells 


Recent data have suggested that both neurogenesis and gliogenesis persist 
in the adult and can be modulated by external environmental influences. 
It is not clear from the available data whether this represents activation of 
a quiescent population of multipotent stem cells, activation of more 
restricted neuronal or glial precursors (see below), or dedifferentiation of 
postmitotic cells (Brewer 1999). Evidence demonstrating the presence of 
multipotent cells in the adult suggests that multipotent stem cells may 
contribute to some of the ongoing neuro-gliogenesis. Controversy exists 
as to the location of adult stem cells, and multipotent cells may be present 
in the ependymal, subventricular, and cortical regions. The structure of 
the subependymal region has been characterized and at least five differ- 
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ent classes of cells (see Table 2) have been described (Doetsch et al. 
1997). Which of these cells represents the putative stem cell remains 
unclear. Johansson et al. (1999) have argued that the ependymal cells rep- 
resent the adult stem cell population. These authors showed that ependy- 
mal cells are a quiescent population that generates a more rapidly divid- 
ing cell (termed transit amplifying cell), which then generates neurons 
and astrocytes. Conversely, van der Kooy and colleagues have argued that 
in their in vitro culture system only subependymal cells (and not ependy- 
mal cells) can self-renew and generate multipotent cells (Chiasson et al. 
1999). Which subependymal population represents the true stem cell is 
still under investigation. Doetsch and others have suggested that type C 
cells represent a stem cell (Morshead et al. 1994; Doetsch et al. 1999), as 
they express nestin but no other differentiation markers and are rapidly 
proliferating. More recently, Alvarez Buylla and colleagues (Garcia- 
Verdugo et al. 1998) have postulated that type B1 cells may represent the 
adult stem cell population. Using a retroviral label, they have shown that 
a GFAP immunoreactive cell is present in the subventricular zone and that 
this cell fulfills the criteria of a stem cell (Doetsch et al. 1999). Marmur 
and colleagues have suggested that in the adult, stem cells may be present 
not only in the remnants of ventricular or subventricular zones, but also 
as a quiescent population throughout the cortex. These investigators have 
shown that polysialated NCAM immunoreactivity can be used to isolate 
multipotent cortical stem cell populations (Marmur et al. 1998). 
Similarly, Gage and coworkers have isolated multipotent neural progeni- 
tors from adult hippocampus (Palmer et al. 1997). 

Localizing stem cells in the adult is important for detailed analysis in 
vivo as well as for future therapeutic uses. There has been a tremendous 


Table 2 Localization of multipotent stem cells in the adult svz 


Classification Characteristics 

Type A neuronal markers, rapidly dividing, limited self-renewal 
Type Bl GFAP-immunoreactive, rapidly dividing cells 

Type B2 GFAP-immunoreactive, slow dividing cells 

Type C nestin-immunoreactive, dividing cells 

Type D tanycytes, possess microvilli and are GFAP-immunoreactive 
Type E ependymal cell, villi, nestin, and vimentin-immunoreactive 


Cells present in the adult subventricular zone are listed and their salient properties described. Each 
of these cell populations may represent a stem cell population. It is important to note that this classi- 
fication may not be complete and further subpopulations may be identified based on additional anti- 
genic criteria. (Modified from Doestch et al. 1997.) 
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excitement in the field because the presence of significant numbers of 
stem cells in the adult was not expected. The ability to maintain these cells 
in culture for prolonged periods using genetic or epigenetic means has pro- 
vided the potential for virtually unlimited numbers of cells for therapy. The 
development of techniques to obtain stem cells from small pieces of 
human tissue has further heightened expectations that stem cells will be 
clinically useful (for review, see Vescovi and Snyder 1999). Although the 
excitement is warranted, caution should be maintained, as several ques- 
tions need to be resolved before therapeutic transplants can be attempted. 
An important issue that still remains is whether the environment contains 
the requisite signals to direct differentiation of pluripotent cells to the 
desired cell type. In most reported transplant experiments, a majority of 
the transplanted multipotent stem cells fail to differentiate, suggesting the 
absence of instructive cues (see, e.g., Svendsen et al. 1996, 1997; Winkler 
et al. 1998; Quinn et al. 1999). Indeed, the best examples of differentiation 
and migration are usually in regions of ongoing neurogenesis such as the 
hippocampus and olfactory bulb. Little differentiation is seen in the spinal 
cord (Quinn et al. 1999) where there is no ongoing neurogenesis (Horner 
et al. 2000). Likewise, the ability to migrate in response to endogenous sig- 
nals appears limited. Neuronal precursors (see below) readily migrate but 
multipotent stem cells when transplanted to the same region fail to do so 
(Zigova et al. 1996). Indeed, several investigators have suggested that 
transplanting predifferentiating stem cells may be a better option (for 
review, see Mayer-Proschel and Rao 2000). 


Adult NRPs 


It had been widely believed that neurogenesis in the mammalian brain 
ceases after early postnatal life (Raedler and Raedler 1978; Rakic and 
Nowakowski 1981). In fact, postnatal neurogenesis was believed to be an 
anomaly occurring in exceptional areas of the avian and rodent brain 
(Altman and Das 1965; Kaplan and Hinds 1977; Kaplan 1983). 
Considerable evidence has now accumulated that neurogenesis in the adult 
primate (including human) brain is possible (Eriksson et al. 1998; Gould 
et al. 1999a,b; Kornack and Rakic 1999). Therefore, there must be stem 
cells that divide and generate neurons in the adult mammalian brain. What 
is not clear is whether these are multipotent stem cells biased toward neu- 
ronal differentiation or NRPs. Even dedifferentiation of mature neurons 
may occur, as has been dramatically demonstrated in the hippocampus 
(Brewer 1999). It is likely that NRPs exist in at least two regions where 
there is ongoing adult neurogenesis: the ependymal/subependymal zone 


Stem Cells and Neurogenesis 421 


and the dentate gyrus of the hippocampus (Kaplan and Hinds 1977; Bayer 
et al. 1982; Lois and Alvarez-Buylla 1993; Kuhn et al. 1996). Neuronal 
progenitors from this region, in particular the anterior part often termed 
SVZ(a), give rise to neurons exclusively (Brock et al. 1998). They migrate 
along the rostral olfactory tract and terminally differentiate to form 
interneurons of the olfactory bulb (Okano et al. 1993; Lois and Alvarez- 
Buylla 1994). Labeling of the dentate gyrus cells by BrdU in adult humans 
and in rats in vivo has been observed with dramatic increases seen post- 
seizure (Kuhn et al. 1996; Parent et al. 1997; Eriksson et al. 1998). 

Using the early neuronal To] tubulin promoter to drive the expression 
of GFP, Goldman and coworkers have isolated cells from 3-month-old rat 
forebrain that were morphologically neuronal and expressed MAP-2 and 
b-III tubulin after a week in culture (Wang et al. 2000). This promoter is 
active in early neuronal precursors and, as expected, these precursors differ- 
entiate into neurons in vitro but do not generate any glial cells (Wang et al. 
1998). Fewer than 5% of the cells sorted exhibited astrocytic markers. The 
cells also incorporated BrdU in culture, indicating that they were capable of 
replication. All the recent data, therefore, suggest that in the hippocampus, 
neuronal precursors either already exist or can be induced, and these precur- 
sor cells can repopulate some regions of the adult or fetal nervous system. 

It is increasingly evident that neurogenesis can take place in the adult 
brain and that new neurons are generated and can integrate into the exist- 
ing network and establish synapses. This has raised the possibility that, 
rather than transplanting cells for therapy, it may be possible to enhance 
endogenous stem cell proliferation or bias their differentiation by provid- 
ing extrinsic cues. Several investigators have reported on the ability to 
alter neuronal generation. These include providing an enriched environ- 
ment in juvenile or adult mice (Kempermann et al. 1997,1998) or infu- 
sion of growth factors (Zigova et al. 1998). Increased neurogenesis may 
not be beneficial and has been noted in seizures both in vivo (Parent et al. 
1999) and in vitro (Pincus et al. 1997). In response to ischemia, there is a 
12-fold increase in neurogenesis in the dentate gyrus of gerbils (Liu et al. 
1998). The endogenous proliferation may lead to heterotopias and 
increased chances of seizures. Not all regions exhibit ongoing or regulat- 
ed neurogenesis; the spinal cord is a notable example. Dividing glial cells 
have been observed (Horner et al. 2000). Transplants of embryonic neu- 
rons, on the other hand, survive in the adult spinal cord (Foster et al. 
1989), and new neurons are generated from newborn and adult rat spinal 
cords in culture (Kehl et al. 1997), as determined by BrdU incorporation. 
This de novo generation of neurons suggests that a quiescent population 
of multipotent stem cells may exist in the spinal cord. 
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ES Cells and Neural Precursors 


The neural precursor cells that have been described above are derived 
from tissues of the advanced embryo and adult. In normal development, 
these neural precursor cells must arise from earlier, more undifferentiat- 
ed cells, and it should be possible to isolate neural precursors from such 
undifferentiated cells in vitro. Indeed, neural precursors have been isolat- 
ed from ES cells and primordial germ cells. 

The idea that ES cells can be used as a reservoir of cells from which 
differentiated cells can be harvested has been validated in rodent models. 
Several groups have shown that cell surface markers (Mujtaba et al. 
1999), manipulation of culture conditions (Okabe et al. 1996), or utiliz- 
ing tissue-specific promoters (Li et al. 1998) can be used to isolate neur- 
al stem cells or more restricted precursors (Fig. 7). Recently transplanted 
oligodendrocyte precursor cells isolated from ES cells have been shown 
to generate new myelin in a rat model of demyelination (Briistle et al. 
1999). McKay and colleagues (Okabe et al. 1996) have manipulated cul- 
ture conditions to isolate multipotent stem cells from ES cell cultures, and 
Li et al. (1998) have used an elegant selection strategy to isolate neural 
precursor cells. Using cell-type-specific markers, we have isolated neu- 
ronal and glial restricted precursors from mouse ES cells and have shown 
that these cells are antigenically and phenotypically identical to restricted 
precursors isolated from fetal tissue (Mujtaba et al. 1999). Data on isola- 
tion of specific neural precursor types from human ES cell cultures are 
not available. However, preliminary results (Dr. M.K. Carpenter, pers. 
comm.) suggest that markers utilized to isolate neuron and glial precursor 
populations from rodent ES cells are also expressed by differentiating 
human ES cell cultures (Fig. 8). Thus, it is likely that human ES cells 
could also serve a reservoir function. 

One potential therapeutic advantage of neurons, glia, or precursor 
cells derived from ES cells is that they may not be regionally specified 
and thus may be more capable of site-specific integration. Furthermore, 
since it is possible to obtain regionally specific phenotypes by manipu- 
lating ES cell culture conditions, it may be possible to obtain appropri- 
ately specified phenotypes. Thus, ES-cell-derived precursors may be 
preferable to fetal or adult precursor cells. McDonald and colleagues have 
presented suggestive evidence that ES-cell-derived cells may be useful in 
spinal cord injury. When ES-cell-derived neural cells were transplanted in 
a spinal cord injury model, significant functional improvement was seen 
(McDonald et al. 1999). Suggestive evidence that neural cells derived 
from human ES cells will prove useful in spinal cord injury is provided 
by experiments using a NRP cell derived from a human embryonic carci- 
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Figure 7 Neural precursors isolated from ES cell culture. Mouse ES cells have 
been differentiated in culture and several classes of neural stem cells have been 
isolated (Okabe et al. 1996; Li et al. 1998; McDonald et al. 1999; Brustle et al. 
1999; Mujtaba et al. 1999). These include multipotent stem cells, neuron-restrict- 
ed and glial-restricted precursors. In general, the method of differentiation for 
neuronal and glial precursors is similar and is based on the protocols devised by 
Bain et al. (1995). 


noma cell line. Trojanowski and colleagues isolated a subclone (HNT-2) 
from a human embryonic carcinoma that showed exclusive differentiation 
into neurons. Neurons derived from this subclone were used in rat mod- 
els of spinal cord injury. Transplanted cells differentiate into neurons that 
send long axonal projections, which even project into the nerve roots. No 
tumors have been seen in any of the transplants done so far (Trojanowski 
et al. 1997). These results suggest that it will be possible to obtain NRPs 
from human ES cell lines and that these are likely to be functionally use- 
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ful. Several other classes of precursors have been isolated (for review, see 
Rao 1999). The recent demonstration that melanocytes and potential 
neural crest precursors can be directly isolated from ES cells (Yamane et 
al. 1999) is of great interest. Melanocytes were generated from ES cells 
by co-culturing them with a bone marrow-derived stromal cell line, dex- 
amethasone, and the steel factor. All the above results taken together sug- 


A 


Figure 8 Neurons and glia can be derived from human ES cell lines. An example 
of neurons derived from human ES cell lines is shown. These ES cell lines have 
been maintained in culture for over a year, are karyotypically normal, and can 
differentiate into derivatives of all three germ layers. Photo and data are courtesy 
of Geron, Inc. 
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gest that it should be possible to obtain both CNS and PNS derivatives 
from differentiating ES cells. 


Are Tissue-specific Stem Cells Irreversibly Determined? 


Although we have discussed the ability of neural stem cells to generate 
CNS derivatives, data from several groups have suggested that these cells 
are more plastic than previously proposed and perhaps it is premature to 
classify stem cells based on the tissue from which they were isolated. 
Recent studies have shown that neural stem cells, when transplanted in 
the bone marrow of irradiated mice, will generate hematopoietic deriva- 
tives (Bjornson et al. 1999). Similarly, in an impressive demonstration of 
pluripotentiality, Frisen and colleagues (Clarke et al. 2000) injected adult 
neural stem cells into chick embryos and mouse blastocysts and showed 
that neural stem cells contributed to ectodermal, endodermal, and meso- 
dermal tissue. Contributions to tissue were large and occasionally com- 
prised as much as 30% of the entire organ. These data suggest that neur- 
al stem cells are capable of contributing to multiple tissues, and under 
appropriate conditions this contribution may be very large. Thus, the term 
neural may be too restrictive. It should be noted, however, that this abili- 
ty to contribute to other tissues appears restricted to multipotent neural 
stem cells. Available data suggest that more restricted neural precursor 
cells do not transdifferentiate in a similar fashion. 

Likewise, mesenchymal stem cells and bone marrow cells will gener- 
ate astrocytes and possibly neurons when infused into the brain (Eglitis 
and Mezey 1997; Kopen et al. 1999). Since these precursor cells usually 
generate mesodermal derivatives, their ability to generate neuroectodermal 
derivatives is somewhat surprising. These and other trans-tissue differenti- 
ation results (Jackson et al. 1999; Petersen et al. 1999) suggest that tissue- 
specific stem cells may be more pluripotent than previously thought or still 
may retain the ability to dedifferentiate. Whether this ability is simply a by- 
product of the plasticity of these early cells or whether this ability has 
some developmental significance remains to be determined. 

Ectoderm to mesoderm transformation is normally seen in neural 
crest differentiation. Indeed, neural crest cells have been shown to gener- 
ate muscle, bone, cartilage melanocytes, fibroblasts, and smooth muscle 
as well as neural components of the PNS (for review, see Douarin 1983; 
Rao 1999). Thus, a potential pathway for dedifferentiation from meso- 
derm to ectoderm or vice versa may exist (Fig. 9). Quiescent neural stem 
cells present in ectopic neural tissue transplants may generate neural crest 
that subsequently can generate bone, cartilage, and smooth and striated 
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Figure 9 Generation of nonneural derivatives from stem cells. Hypothetical path- 
ways by which neural stem cells could generate hematopoietic stem cells, 
skeletal muscle, liver, or other derivatives. Cells could dedifferentiate or trans- 
differentiate to generate other classes of tissue-specific stem cells. Alternatively, 
neural stem cells could generate neural crest or VENT cells that can differentiate 
into many of the same derivatives as a normal pathway of differentiation (see 
text). Yet another alternative is that rare totipotent cells are present in all tissues 
and it is these cells rather than neural stem cells that generate other tissue deriv- 
atives (see Weissman 2000). 


muscle. Alternatively, an additional neural derivative, VENT cells (ven- 
trally emigrating neural cells), which have also been shown to contribute 
to cartilage, bone, heart muscle, and hepatocytes (Ali et al. 1999; Sohal 
et al. 1999a,b,c) during normal development, may be present in neural tis- 
sue. These cells are distinct from crest cells and appear to have a truly 
broad spectrum of differentiation. Thus, the ability of neuroectoderm to 
differentiate into mesodermal derivatives may reflect an activation of this 
VENT cell differentiation pathway or a neural crest differentiation path- 
way. Finally, it is possible that rare totipotent cells are present in all tis- 
sues, and it is these cells rather than tissue-specific stem cells that gener- 
ate nonneural derivatives. The possibilities are summarized in Figure 9. 
It is interesting to note that mesodermal to ectodermal transformation 
is a normal aspect of some organ development. In kidney, for example, 
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mesodermal cells undergo an epithelial transformation to generate kidney 
tubules. Mesodermal stem cells or mesenchymal stem cells (MSC) have 
also been identified. It is possible that these MSCs can generate all meso- 
dermal derivatives (including hematopoietic lineages) as well as undergo 
an ectodermal transformation to generate ectodermal derivatives. 
Alternatively, quiescent neural crest stem cells (or VENT cells) may per- 
sist in peripheral tissue and be activated when transplanted into the CNS. 
Most transplants have not utilized a homogeneous population of cells. 
Irrespective of the source of cells, it should be noted that the effectiveness 
of neuronal differentiation has been relatively modest (Eglitis and Mezey 
1997; Kopen et al. 1999), and it is unclear whether these results merely 
illustrate the plasticity of stem cells or whether they provide a novel ther- 
apeutic source of cells. Additional experiments are clearly required to 
refine our understanding of the extent and limitation of the differentiation 
potential of stem cells isolated from different tissues. It is unlikely, in our 
opinion, that cells derived from the adult or late fetal stages can contribute 
to all germ layers and also contribute to germ-line cells (ES cell equiva- 
lents). However, in the absence of direct evidence to the contrary, this 
remains a formal possibility that should be tested. 
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The epidermis of mammals forms the outer covering of the skin and com- 
prises both the interfollicular epidermis and the adnexal structures, such 
as the hairs and sebaceous glands (Odland 1991). The major cell type in 
the epidermis is an epithelial cell called a keratinocyte. Interfollicular 
epidermis is made up of multiple layers of keratinocytes. The basal layer 
of cells, attached to the underlying basement membrane, contains ker- 
atinocytes that are capable of dividing, and cells that leave the basal layer 
undergo a process of terminal differentiation as they move toward the sur- 
face of the skin. The end point of this pathway is an anucleate cell, called 
a squame, which is filled with insoluble, transglutaminase-crosslinked 
protein and provides an effective barrier between the environment and the 
underlying living layers of the skin. The basal layer of interfollicular ker- 
atinocytes is continuous with the basal layer of keratinocytes that form 
the hair follicles and sebaceous glands; once again, the end point of ter- 
minal differentiation is a dead, highly specialized cell, forming the hair 
shaft or the lipid-filled sebocytes. 

If stem cells are defined as cells with the capacity for unlimited self- 
renewal and also the ability to generate daughter cells that undergo ter- 
minal differentiation (Hall and Watt 1989; Watt 1998; Watt and Hogan 
2000), then the epidermis is one of the tissues in which a stem cell com- 
partment must be present. Throughout adult life there is a requirement for 
the production of new interfollicular keratinocytes to replace the squames 
that are continually being shed from the surface of the skin, and there is 
also a need to produce new hairs to replace those lost at the end of each 
hair growth cycle. 

It seems likely that there is a single, pluripotential, stem cell com- 
partment in the epidermis and that the differentiation pathway selected by 
stem cell progeny is determined by the microenvironment in which they 
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find themselves (Watt and Hogan 2000). The earliest evidence for this 
came from wound-healing studies in which it was found that hair follicle 
keratinocytes could migrate out of the follicle and repopulate interfollic- 
ular epidermis (Al-Bawari and Potten 1976). Conversely, when interfol- 
licular keratinocytes are grafted into an empty hair follicle, they can dif- 
ferentiate to produce a normal hair (Reynolds and Jahoda 1992). There is 
also a report that sweat gland cells can produce interfollicular epidermis; 
whether this reflects the pluripotential nature of the epidermal stem cell 
compartment or a process of transdifferentiation remains to be investigat- 
ed (Miller et al. 1998). 

Keratinocytes have not featured in the numerous recent accounts of 
the plasticity of stem cells in a variety of tissues (Watt and Hogan 2000). 
Two observations suggest, however, that some plasticity exists. First of 
all, the process of keratinocyte terminal differentiation can be reversed by 
introduction of a viral oncogene (Barrandon et al. 1989). Second, meta- 
plasia of epithelial cells, including keratinocytes, is not uncommon: This 
is the formation of one differentiated cell type from another in postnatal 
life, such as the formation of ectopic intestinal epithelium in the stomach 
or endocervical epithelium in the vagina (Slack 2000). 


PROLIFERATIVE HETEROGENEITY 


Under normal conditions, each epidermal stem cell division results in one 
daughter to replenish the stem cell compartment and one daughter to 
undergo terminal differentiation. There is no evidence at present that this 
is achieved through invariant asymmetric divisions (Watt and Hogan 
2000). Rather, there appears to be populational asymmetry, so that 
although on average each stem cell produces one stem and one non-stem 
cell daughter, individual divisions can potentially result in production of 
two stem cells, two terminally differentiating cells, or one stem and one 
non-stem daughter. This populational asymmetry allows the epidermis to 
respond to varying physiological need, as when the tissue is damaged 
through wounding. 

Studies of interfollicular epidermis have demonstrated that not all 
dividing cells are stem cells (Potten 1981; Potten and Morris 1988). 
Instead, the daughter of a stem cell that is destined to undergo terminal 
differentiation can divide a small number of times before moving out of 
the basal cell layer. This dividing population, with low self-renewal 
capacity and high probability of undergoing terminal differentiation, is 
known as the transit amplifying compartment. In interfollicular epider- 
mis, the prime function of this population is to increase the number of ter- 
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minally differentiated cells generated by each stem cell division, so that 
although stem cells have a high capacity for proliferation, they divide 
infrequently. 

A second potential attribute of transit amplifying cells, by analogy with 
the committed progenitor compartment of hematopoietic lineages, is that 
they have more restricted differentiation potential than the stem cells: In 
other words, transit amplifying cells may be committed to differentiate 
exclusively into squames or hair or sebocytes. The increasing use of trans- 
genic mice to study epidermal proliferation and function should soon shed 
light on this issue (see, e.g., Gat et al. 1998). In the meantime, with only 
proliferative potential as a marker of the transit compartment, it remains 
possible that instead of discrete populations of stem and transit cells, there 
are gradients of keratinocyte proliferative and differentiative potential, with 
transit amplifying cells reflecting an intermediate position between stem 
cells (maximum self-renewal potential, minimum terminal differentiation 
probability) and terminally differentiated cells (minimum self-renewal 
capacity, maximum probability of differentiation) (Jones and Watt 1993). 


ASSAYS FOR EPIDERMAL STEM CELLS 


To identify epidermal stem cells, it is necessary to have assays to measure 
the proportion of stem cells in a given population. There are well-estab- 
lished techniques for growing human keratinocytes in culture (Rheinwald 
1989), and confluent sheets of cultured keratinocytes have been used as 
autografts, primarily for the treatment of burn victims, since the late 
1970s. Long-term follow-up of patients has shown that the progeny of 
keratinocytes expanded in culture persist and make a normal epidermis 
for years following grafting (Gallico et al. 1984; Compton et al. 1998). 
Thus, there is now doubt that stem cells can survive in culture. 

In hematopoiesis, stem cells can be assayed by their ability to reconsti- 
tute all the blood cell lineages in a lethally irradiated mouse (see, e.g., Bhatia 
et al. 1998; Uchida et al. 1998; for review, see Hall and Watt 1989). Although 
human keratinocytes can reconstitute epidermis when grafted onto immuno- 
compromised mice (see, e.g., Jones et al. 1995), it is not feasible to graft 
individual candidate epidermal stem cells and look for their ability to recon- 
stitute the entire epidermis of the animal. As a result, there has been more 
reliance on clonal analysis in vitro, making use of the fact that human ker- 
atinocytes can be grown at clonal density on a feeder layer of mitotically 
inactivated mouse 3T3 embryonic fibroblasts (Rheinwald 1989). 

Although the growth rate of a mixed population of human ker- 
atinocytes in culture will undoubtedly be influenced by the proportion of 
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stem cells present (see, e.g., Gandarillas and Watt 1997; Li et al. 1998; Zhu 
and Watt 1999), it cannot be used as a quantitative measure of stem cells. 
This is because the growth rate will depend on the proportion of cells that 
are dividing and the length of the cell cycle. It will also depend on the pro- 
portion of terminally differentiating cells, and, to a lesser extent, on cell 
loss through apoptosis or in vitro senescence (see, e.g., Gandarillas et al. 
1999; Gandarillas 2000). To evaluate the number of stem cells in a popu- 
lation of keratinocytes in vitro, it is therefore essential to carry out clonal 
analysis, examining the self-renewal and terminal differentiation potential 
of individual cells. This has been used both for interfollicular keratinocytes 
(see, e.g., Barrandon and Green 1987; Jones and Watt 1993) and for ker- 
atinocytes of hair follicles (Yang et al. 1993; Rochat et al. 1994). 

One of the earliest, and undoubtedly the most thorough, analyses of 
clonal growth of human keratinocytes in culture was carried out by 
Barrandon and Green (1987). The importance of the study is that it 
depended not on the behavior of the clones founded on initial plating of 
keratinocytes (primary clones), but on the secondary clones that grew fol- 
lowing disaggregation and replating of individual primary clones, there- 
by providing a more rigorous measure of self-renewal capacity. Three 
types of proliferating keratinocytes were defined on the basis of the type 
of clone they founded in vitro. When no secondary clones formed or all 
consisted of terminally differentiated cells (terminal clones) the founder 
clone was classified as a paraclone. When 0—5% of the clones were ter- 
minal, the clone was described as a holoclone. Meroclones were interme- 
diate in their behavior, >5% and <100% of the secondary clones being 
terminal. Holoclones thus have the greatest self-renewal potential and are 
those most likely to be founded by stem cells. The total life span of a 
paraclone is no more than 15 generations prior to terminal differentiation 
and so could be attributable to a transit amplifying cell. Meroclones could 
be indicative of stem cells that generate transit amplifying cells at higher 
frequency than holoclones; they should still be attributed to stem cell 
founders, however, because epidermis from elderly people yields mero- 
clones but few or no holoclones (Barrandon and Green 1987). 

Unfortunately, the holo/mero/paraclone assay has not been used 
extensively, because it is time-consuming and labor-intensive when large 
numbers of keratinocytes are to be screened. Instead, there has been 
reliance on analysis of primary clones, in particular scoring terminal or 
abortive clones (typically, 32 cells or fewer per clone by 14 days after 
plating, all the cells expressing terminal differentiation markers) and 
attributing them to transit amplifying cells (Jones and Watt 1993; Jones et 
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al. 1995; Gandarillas and Watt 1997; Zhu and Watt 1999; Zhu et al. 1999; 
Lowell et al. 2000), the remaining, actively growing, colonies being 
attributed to stem cell founders. Although the assignment of the abortive 
clones to transit amplifying cell founders is reasonably uncontroversial, it 
is worth noting that their proliferative potential is lower than that of the 
majority of paraclones (Barrandon and Green 1987) and, more impor- 
tantly, that attributing all of the nonabortive clones to stem cell founders 
is likely to overestimate stem cell numbers. 

Clonal analysis, with all its imperfections, remains the only practical 
way to screen for molecular markers of stem cells and for in vitro studies 
of factors that regulate exit from the stem cell compartment. As different 
subpopulations of proliferating keratinocytes become more clearly defined 
at the molecular level, much of the current uncertainty about the in vitro 
clonal behavior of the stem cell compartment should disappear. 


EPIDERMAL STEM CELL MARKERS 


As in other tissues, there is a clear need for molecular markers character- 
istic of the stem cell population, preferably cell-surface molecules that 
allow fluorescence-activated cell sorter (FACS) selection. There is a wealth 
of markers that distinguish basal from differentiating keratinocytes, with 
changes in keratin expression and the onset of expression of precursors of 
the cornified envelope that is assembled in squames being most frequent- 
ly used (for review, see Watt 1989; Fuchs 1990). However, heterogeneity 
within the basal compartment has been harder to tackle. 

The first surface marker of human epidermal stem cells to be described 
was {1 integrins, receptors that bind extracellular matrix proteins. B1 inte- 
grins are expressed by all cells in the basal layer of the epidermis, but inter- 
follicular keratinocytes with properties of stem cells have two- to threefold 
higher levels than cells with properties of transit amplifying cells. Elevated 
expression of 81 integrins is also a marker for stem cells in human hair fol- 
licles (Jones et al. 1995; Moll 1995; Lyle et al. 1998). 

B1 integrins can be used to enrich for stem cells, either in culture or 
directly from the epidermis, by FACS or differential adhesiveness to 
extracellular matrix-coated dishes, and to visualize the stem cells using 
confocal microscopy (Jones and Watt 1993; Jones et al. 1995; Jensen et 
al. 1999). Approximately 10% of cells in the basal epidermal layer are 
thought to be stem cells (Potten and Morris 1988), and the proportion of 
basal cells with high B1 integrin levels varies from 25% in palm epider- 
mis to >40% in neonatal foreskin (Jones et al. 1995). In vitro, human epi- 
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dermal stem cells (defined by their ability to found actively growing 
clones) can be isolated to 90% purity on the basis of their adhesive prop- 
erties (Jones and Watt 1993). 

Human keratinocytes with the highest expression of the «2f1 inte- 
grin (collagen receptor) also express the highest levels of «381 and a5B1 
integrins (receptors for laminin and fibronectin, respectively), and there- 
fore it is not possible to enrich further for stem cells by using combina- 
tions of antibodies specific for these individual integrins (Jones and Watt 
1993). The relationship between log B1 integrin fluorescence and clone 
forming ability is linear, and this would be consistent with a continuum 
of keratinocyte behavior rather than discrete subpopulations of prolifera- 
tive keratinocytes (Jones and Watt 1993). In mouse epidermis it is also 
possible to enrich for stem cells on the basis of rapid adhesion to extra- 
cellular matrix, although the integrins involved have not been defined 
(Bickenbach and Chism 1998). 

The 64 integrin is a component of hemidesmosomes and is essen- 
tial for anchoring the epidermis to the underlying basement membrane 
(Dowling et al. 1996; Georges-Labouesse et al. 1996; van der Neut et al. 
1996). Stem cells, like all basal keratinocytes, express 0.684; however, 
there is no strong correlation between level of expression and proliferative 
potential, whether assessed in clonogenicity assays (Jones and Watt 1993; 
Jones et al. 1995) or by comparison with the distribution of actively 
cycling cells in human epidermis (Jensen et al. 1999). The “a6 bright” 
population described by Li et al. (1998) as enriched for stem cells appears 
to correspond to total basal keratinocytes when the FACS profiles are com- 
pared with those of Jones and Watt (1993) (see also Kaur and Li 2000). 

Other proposed surface markers include the antigen recognized by 
mAb 10G7 (Li et al. 1998), low surface expression of E-cadherin (Molés 
and Watt 1997), and high expression of Deltal (Lowell et al. 2000). 
Disappointingly, the combination of E-cadherin or Deltal with B1 inte- 
grins is unlikely to give greater enrichment for stem cells than B1 integrins 
alone, because the size and location of basal keratinocytes that are defined 
with each marker are similar (Molés and Watt 1997; Lowell et al. 2000). 

A number of other proteins have been reported to be markers for the 
epidermal stem cell compartment. These include keratins 19 (Stasiak et al 
1989) and 15 (Lyle et al. 1998; but see also Waseem et al. 1999), a high 
level of non-cadherin-associated B-catenin (Zhu and Watt 1999; but see 
also Moles and Watt 1997), and p63, a member of the p53 gene family 
(Parsa et al. 1999). Because these are intracellular proteins, they are not 
useful for isolating stem cells; however, they can still provide important 
information about stem cell properties. p63 is of particular interest, since 
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mice which are homozygous null for the p63 gene lack all stratified squa- 
mous epithelia, including the epidermis (Mills et al. 1999; Yang et al. 1999). 

Finally, it is worth pointing out that expression of some of the poten- 
tial markers of epidermal stem cells may be interdependent. There is good 
evidence for cross-talk between integrins and cadherins in cells (see, e.g., 
Hodivala and Watt 1994; Monier-Ganelle and Duband 1997) and between 
the Notch (Delta receptor) and Wnt (upstream of B-catenin) signaling 
pathways (see, e.g., de Celis and Bray 1997). 


EPIDERMAL STEM CELL PATTERNING 


The distribution of stem cells within the epidermis is not random. In hair 
follicles, the keratinocytes with high proliferative potential are reported to 
lie in the outer root sheath at the point of insertion of the muscle (“bulge 
region”) or lower down (Cotsarelis et al. 1990; Yang et al. 1993; Rochat 
et al. 1994). In mouse interfollicular epidermis, it is proposed that a sin- 
gle stem cell lies at the base of a column of suprabasal cells and is sur- 
rounded by transit amplifying cells and cells that are committed to termi- 
nal differentiation (Potten 1981; Potten and Morris 1988); support for this 
model comes from more recent lineage marking studies (see, e.g., 
Mackenzie 1997). 

B1 integrin staining has revealed a high level of patterning of the stem 
cell compartment in interfollicular human epidermis (Fig. 1). The cells 
with high B1 levels are found in clusters that lie at the tips of the dermal 
papillae (where the basal epidermal layer comes closest to the skin sur- 
face) in most body sites, but at the tips of the deep rete ridges (where the 
basal layer projects deepest into the dermis) in palm and sole epidermis 
(Jones et al. 1995; Jensen et al. 1999). Consistent with this view of the 
epidermis, the actively cycling cells are concentrated in the areas of low 
B1 integrin expression, as are the cells that have initiated expression of 
keratin 10 and are in the process of moving out of the basal layer (Jones 
et al. 1995; Jensen et al. 1999). Clustering of stem cells implies some lat- 
eral migration of cells along the basement membrane, and the high B1 
integrin-expressing keratinocytes are indeed less motile than the ker- 
atinocytes with lower B1 levels, whether motility is measured in isolated 
cells or in confluent cell sheets (Jensen et al. 1999). 

The simple architecture of the epidermis lends itself to mathematical 
modeling. It is interesting that from biophysical considerations, adhesive- 
ness of keratinocytes to the basement membrane is predicted to be an 
important determinant of movement out of the basal layer (Dubertret and 
Rivier 1997). The predicted topology of stem and transit cells in some 
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Figure I Model of the basal layer of the epidermis in body sites in which the stem 
cell patches (Stem) lie at the tips of the dermal papillae (DP) and the transit 
amplifying cells (Transit) are at the tips of the rete ridges (RR). Arrows in top 
panel represent movement of transit amplifying cells away from the stem cell 
patches. Bottom panel shows basal layer in opposite orientation to top panel and 
illustrates how the transit amplifying compartment forms a continuous network 
(highlighted in white) surrounding the stem cell patches. (Reprinted from Jensen 
et al. 1999.) 


models of normal and hyperproliferative epidermis is consistent with the 
distribution of clusters of keratinocytes expressing high and low 1 inte- 
grin levels (Iizuka et al. 1996). 


REGULATION OF STEM CELL FATE 


One of the most potent terminal differentiation stimuli is to place cultured 
keratinocytes in suspension: Both stem and transit amplifying cells initi- 
ate terminal differentiation without any further rounds of division, and by 
24 hours the majority of cells are expressing markers of the differentia- 
tion pathway (Jones and Watt 1993). Suspension-induced differentiation 
can be partially inhibited by ligating 81 integrins with extracellular 
matrix proteins or anti-integrin antibodies (Adams and Watt 1989; Watt et 
al. 1993). Recent experiments suggest that the integrin signal is “do not 
differentiate,” transduced by occupied receptors, rather than a positive 
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“differentiate” signal transduced by unoccupied receptors (Levy et al. 
2000). Ligand binding is required both for integrin-mediated adhesion 
and integrin-regulated differentiation, but mutagenesis of the B1 cyto- 
plasmic domain has established that the sequences which are required for 
differentiation control are distinct from those which are required to sup- 
port extracellular matrix adhesion (Levy et al. 2000). 

Integrins regulate not only the onset of overt differentiation, but also 
morphogenesis, down-regulation of integrin function and expression 
ensuring selective migration of committed cells from the basal epidermal 
layer (Adams and Watt 1990; Hotchin et al. 1995). In addition, high lev- 
els of B1 integrins are required for keratinocytes to remain in the stem cell 
compartment in vitro (Zhu et al. 1999). Introduction of a dominant 
negative 81 integrin into human keratinocytes in culture increases the 
proportion of clones attributable to transit amplifying cells. The dominant 
negative mutant interferes with B1 signaling to MAPK, although MAPK 
activation in response to growth factors or 0684 ligation is not impaired 
(Zhu et al. 1999). Constitutive activation of MAPK rescues keratinocytes 
expressing the dominant negative integrin, decreasing the proportion of 
abortive clones to control levels; conversely, a dominant negative 
MAPKK 1 construct reduces MAPK activation and increases the propor- 
tion of abortive clones (Fig. 2) (Zhu et al. 1999). 


Please see the print version of this book for this figure. 


Figure 2 Summary of some characteristics of human epidermal stem cells and 
factors that regulate exit from the stem cell compartment. (ECM) Extracellular 
matrix; (dn) dominant negative. Data are collated from Jones and Watt (1993) 
(loss of ECM adhesion); Gandarillas and Watt (1997) (c-Myc); Zhu et al. (1999) 
(B1 integrins and MAPKK); and Zhu and Watt (1999) (B-catenin). (Reprinted, 
with permission, from Watt 2000). 
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As described above, stem cells have higher levels of non-cadherin- 
associated B-catenin than transit amplifying cells in vitro (Zhu and Watt 
1999). Expression of a dominant negative B-catenin mutant in human ker- 
atinocytes promotes the formation of abortive, transit amplifying 
colonies, whereas expression of stabilized, amino-terminally truncated B- 
catenin increases the proportion of putative stem cells to almost 90% of 
the proliferative population (Zhu and Watt 1999). Interestingly, expres- 
sion of stabilized amino-terminally truncated B-catenin in the basal layer 
of transgenic mouse epidermis causes keratinocytes to revert to a pluripo- 
tent state in which they can differentiate into hair follicles or interfollicu- 
lar epidermis (Gat et al. 1998). Overexpression of stabilized B-catenin 
leads to ectopic formation of feather buds in developing chick skin 
(Normaly et al. 1999). 

One of the genes that is regulated by B-catenin signaling is c-Myc (He 
et al. 1998). Since c-Myc promotes entry of keratinocytes into the transit 
amplifying compartment in vitro (Gandarillas and Watt 1997), it is possi- 
ble that there is a feedback loop involving the two proteins that controls the 
ratio of stem to transit amplifying cells in the epidermis. Further targets of 
B-catenin and c-Myc in keratinocytes remain to be identified. It is, for 
example, possible that c-Myc down-regulates integrin expression (Hotchin 
et al. 1990; Gandarillas and Watt 1997; Judware and Culp 1997). Just as 
there may be cross-regulation of epidermal stem cell markers, the same is 
likely to be true for the molecules that regulate stem cell fate. 

In addition to factors that act cell-autonomously to regulate epidermal 
stem cells, there is good evidence for a role of cell-cell interactions (see, 
e.g., Jones et al. 1995). One of the signaling pathways that is implicated 
is the pathway downstream from the transmembrane receptor Notch, 
which binds to transmembrane ligands such as Delta on neighboring cells 
(for review, see Artavanis-Tsakonas et al. 1999). Notch is expressed in all 
the layers of postnatal human epidermis; the Notch ligand Deltal is con- 
fined to the basal layer and is most abundant in the clusters of cells known 
to express high levels of B1 integrins (Lowell et al. 2000). High Deltal 
expression blocks the responsiveness of epidermal stem cells to Notch 
signals and may enhance cohesiveness of stem cell clusters, thereby dis- 
couraging intermingling with neighboring transit amplifying cells. 
Furthermore, Notch activation in cells at the edges of the stem clusters 
stimulates them to become transit amplifying cells (Lowell et al. 2000). 

In surveying the molecules that are important for regulating epider- 
mal stem cell fate, it is striking that the key signaling molecules, inte- 
grins, B-catenin, and Notch, play similar roles in diverse tissues and 
organisms (Watt and Hogan 2000). 
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LOOKING INTO THE FUTURE 


It is possible to anticipate several advances that will both increase our 
understanding of epidermal stem cells and result in further therapeutic 
applications of keratinocytes. The use of proteomics and gene arrays 
should yield additional markers of the stem and transit amplifying com- 
partments, enabling us to isolate the different cell populations to greater 
purity than is possible at present and providing new information about 
how stem cell fate is regulated. There will be increased use of lineage 
marking, both in vitro and in vivo, to monitor the behavior of ker- 
atinocytes in response to signals from their neighbors (see, e.g., Jensen et 
al. 1999; Lowell et al. 2000). There will be increased exploitation of trans- 
genic mice to study stem cell renewal and differentiation, particularly 
making use of inducible transgene expression and inducible gene dele- 
tions (Pelengaris et al. 1999; Topley et al. 1999; Vasioukhin et al. 1999), 
and this will address the issue of whether transit amplifying cells have 
more restricted differentiation options than stem cells. Finally, the combi- 
nation of improved retroviral vectors (Deng et al. 1997) and optimized 
transduction protocols (Mathor et al. 1996; Kolodka et al. 1998; Levy et 
al. 1998) will allow the exploitation of epidermal stem cells for gene ther- 
apy; for example, to treat inherited skin blistering diseases that result 
from mutation of genes encoding proteins that anchor the epidermis to the 
underlying dermis (Vailly et al. 1998; Seitz et al. 1999). 
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HEPATIC STEM CELLS 


The adult mammalian liver contains many different cell types of various 
embryological origins. Nevertheless, the term liver or hepatic stem cells 
is used for precursors of the two epithelial liver cell types, the hepatocytes 
and the bile duct epithelial cells. This terminology also applies to this 
chapter where only hepatocyte and the bile duct stem cells are discussed. 


ORGANIZATION AND FUNCTION OF ADULT MAMMALIAN LIVER 


Anatomy 


The liver is a large parenchymal organ consisting of several separate 
lobes and representing about 2% of the body weight in the human and 5% 
in the mouse (Desmet 1994). It is the only organ with two separate affer- 
ent blood supplies. The hepatic artery provides oxygenated blood, and the 
portal vein brings in venous blood rich in nutrients and hormones from 
the splanchnic bed (intestines and pancreas). Venous drainage is into the 
vena cava. The bile secreted by hepatocytes is collected in an arborized 
collecting system, the biliary tree, which drains into the duodenum. The 
gall bladder is part of the distal biliary tree and acts to store bile. The 
hepatic artery, portal vein, and common bile duct enter the liver in the 
same location, the porta hepatis. 

The main cell types resident in the liver are hepatocytes, bile duct 
epithelium, stellate cells (formerly called Ito cells), Kupffer cells, vascu- 
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lar endothelium, fibroblasts, and leukocytes (Desmet 1994). Although 
hepatocytes are responsible for most organismal liver function and repre- 
sent about 90% of the weight of the liver, they are large cells and only 
~60% of total liver DNA is hepatocyte-derived. An adult mouse liver con- 
tains about 5 x 10’, and an adult human liver about 80 x 10°, hepatocytes. 
Knowledge of the microscopic structure of the liver is essential for under- 
standing hepatic stem cell biology, and two main models for its organiza- 
tion have been proposed. According to one model, the hepatic lobule 
(illustrated in Fig. 1) is the functional unit of the liver (Mall 1906). The 
portal triad consisting of a small portal vein, hepatic artery branch, and 
bile duct is located on the perimeter. Arterial and portal venous blood 
enter here, mix, and flow past the hepatocytes toward the central vein in 
the middle of the lobule. The second model considers liver acini the basic 
units, with each acinus having the portal triad at the center and the “cen- 
tral” veins at the periphery (Rappaport et al. 1954). 

We base our discussions on the lobule model. In both models, liver 
sinusoids are the vasculature connecting the portal triad vessels and the 
central vein. Unlike other capillary beds, sinusoidal vessels have a fenes- 
trated endothelium, thus permitting direct contact between blood and the 


Figure I (A) Diagram of vascular supply and sinusoidal structure of the liver lob- 
ule. Blood from the hepatic artery branch (HAb) and portal vein branch (PVb) 
enters the hepatic sinusoids one or two cells from the edge of the lobule, mixes 
in the sinusoids (S), delivers oxygen and nutrients to the liver cells, picks up car- 
bon dioxide and metabolic products from the liver cells, and drains into the cen- 
tral vein branch (CV). Limiting plate (LmP) is the first row of hepatocytes that 
separates liver parenchyma from the portal space. Liver plate (LP) is a single 
layer of hepatocytes that extends from portal space to the central venule. 
Endothelial (En) cells form walls of the sinusoids and make openings (fenestrae) 
between sinusoids and hepatocytes. Kupffer cells (K) and pit cells (not shown) 
are located in the sinusoids, and Ito cells (fat-storing cells, FCS) are located in 
spaces between endothelial cells and hepatocytes (Disse’s space, DS). On the 
opposite side from the sinusoids, hepatocytes form bile canaliculi (BC), channels 
that drain bile into interlobular bile ducts (BDI) in a direction opposite from the 
blood flow. Bile canaliculi and interlobular bile ducts are connected by bile duc- 
tules (cholangioles). Canaliculo-ductular junction (CDJ) is the region that con- 
nects bile canaliculi (last hepatocyte) and bile ductule (first biliary epithelial cell, 
ductular cell), and is also known as the opening or canal of Hering. (Reprinted, 
with permission, from Motta et al. 1978.) (B) Metabolic zonation of the lobule. 
A histological section of mouse liver was stained with an antibody to glutamine 
synthetase. Only zone-3 hepatocytes adjacent to the central vein (CV) express 
GS. (PV) Portal vein. 
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Figure 1 (See facing page for legend.) 
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hepatocyte cell surface (Wisse 1970). In two-dimensional images, rows of 
hepatocytes oriented from portal to central form a hepatic plate. A chan- 
nel formed by adjacent hepatocytes forms a bile canaliculus that serves to 
drain secreted bile toward the bile duct in the portal triad. Hepatocytes are 
large, cuboidal epithelial cells with a basal and apical surface, and the api- 
cal surface is also called the canalicular surface. Hepatocytes exchange 
metabolites with the blood on the basal surface and secrete bile at the 
canalicular surface. Zone-1, -2, and -3 hepatocytes are distinguished on 
the basis of their relative position within the lobule. Zone-1 hepatocytes 
are close to the portal triad, zone-2 cells are in the middle, and zone 3 con- 
sists of cells directly adjacent to the central vein. Although somewhat 
variable according to species, a large proportion of adult hepatocytes are 
binucleated, with some nuclei being tetraploid. Thus, hepatocytes can 
have 2n, 4n, or 8n total DNA content (Digernes and Bolund 1979; 
Medvedev 1988). Bile secreted by the hepatocytes is collected in bile 
ducts, which are lined by duct epithelial cells. The smallest bile ducts are 
located in the portal zone of each hepatic lobule. The canal of Hering rep- 
resents the connection between the bile canaliculi (the inter-hepatocyte 
space into which bile is secreted) and the bile ducts, at the interface 
between the lobule and the portal triad. 

Stellate cells represent about 5—-10% of the total number of hepatic 
cells. In addition to storing vitamin A, they are essential for the synthesis 
of extracellular matrix proteins and produce many hepatic growth factors 
that play an essential role in the biology of liver regeneration (Friedman 
1996). They are thought to be mesodermal in origin, but very little is 
known about their turnover and renewal. Kupffer cells also represent about 
5% of all liver cells and are resident macrophages. These cells are of 
hematopoietic origin (bone marrow-derived), but are capable of replicating 
within the liver itself. Oval cells (Sell 1994) are the apparent progenitors of 
liver hepatocytes and epithelial cells, and are found in regenerating liver 
following partial hepatectomy or chemical damage. The origin of oval cells 
from liver and/or other sources is discussed later in this chapter (see also 
Thiese et al. 1999; Alison et al. 1996). 


Functions 


The liver is responsible for a variety of biochemical functions. These 
include the intermediary metabolism of amino acids, lipids, and carbohy- 
drates; the detoxification of xenobiotics; and the synthesis of serum pro- 
teins. In addition, the liver produces bile, which is important for intesti- 
nal absorption of nutrients, as well as the elimination of cholesterol and 
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copper. All of these functions are primarily executed by hepatocytes. The 
biochemical properties and pattern of gene expression are not uniform 
among all hepatocytes. The term “metabolic zonation” has been coined to 
indicate the different properties of zone-1, zone-2, and zone-3 hepato- 
cytes (Jungermann and Katz 1989; Jungermann and Kietzmann 1996). 
For example, only zone-3 hepatocytes express glutamine synthetase (Fig. 
1B) and utilize ammonia to generate glutamine (Gebhardt and Mecke 
1983; Wagenaar et al. 1994). In contrast, zone-1 and zone-2 hepatocytes 
express urea cycle enzymes and convert ammonia to urea (Moorman et 
al. 1989; Haussinger et al. 1992). Similarly, glycogen synthesis and gly- 
colysis are segregated within the hepatic lobule (Wals et al. 1988). 


Embryology 


In the mouse, the liver develops from ventral foregut endoderm beginning 
at day 8 of gestation (Zaret 2000). Figure 2 schematically depicts the 
sequence of events. The first evidence of hepatic differentiation is the 
induction of albumin and o-fetoprotein mRNA in endodermal cells, even 
prior to their morphological differentiation (Gualdi et al. 1996). Between 
days 8.5 and 9.5, the hepatocyte precursors proliferate, and beginning at day 
9.5, migrate toward cardiac mesoderm in the septum transversum (Cascio 
and Zaret 1993). Signals from the cardiac mesoderm induce the cells to 
increase their levels of albumin and o-fetoprotein mRNAs and to form the 
liver bud. Very recently some of the specific signals produced by the mes- 
enchyme have been identified. Fibroblast growth factors (FGFs) 1, 2, and 8 
were sufficient to induce the liver gene expression program in isolated 
murine foregut endoderm (Jung et al. 1999). FGF receptors | and 4 are 
expressed on foregut endoderm cells and are essential for this induction. 

At day 10.5, the vascularization of the liver bud begins, followed by a 
large increase in liver mass (Zaret 1996, 2000). The early cells in the liver 
bud are positive for both albumin and o-fetoprotein. The more differenti- 
ated phenotypes of hepatocytes and bile duct epithelium emerge in mid- 
gestation. Definitive lineage studies have not yet been reported, but it is 
generally thought that bile ducts and hepatocytes emerge from common 
precursors, termed hepatoblasts (Shiojiri et al. 1991; Zaret 1996, 2000). 
It is not known whether there is only one type of hepatoblast or whether 
there is a hierarchy of lineage progression consisting of primitive hepato- 
blasts and more committed bipotential progenitors. Fetal hepatoblasts can 
be considered as the equivalent to a fetal liver stem cell. 

Several genes that are important for the development of the liver have 
been identified. Many of the relevant studies have involved mouse knock- 
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Figure 2 Formation of the liver bud. (A) Schematic representation. (a) In the ~6 
somite embryo, cardiac mesoderm induces (arrow) the foregut endoderm to acti- 
vate liver-specific genes (denoted by white blocks). (6) As the endoderm is 
pulled to the midgut during gut closure, the early hepatocytes begin to prolifer- 
ate within the endoderm layer. (c) The early hepatocytes migrate into a region of 
loose mesenchyme called the septum transversum. The early hepatocytes then 
coalesce around sinusoids in the mesenchyme, forming the liver organ. 
(Reprinted, with permission, from Zaret 1998 [©Elsevier Science].) (B) 
Histology of liver bud formation in the mouse. Sagittal sections; ventral on the 
left; dorsal on the right. The embryonic day is given in the left upper corner. (H) 
heart; (FG) foregut; (ST) septum transversum; the arrow indicates the liver pri- 
mordium. (Images courtesy of Nobuyoshi Shiojiri, Department of Biology, 
Faculty of Science, Shizuoka University, Japan.) 
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out models (see Table 1). Figure 3 illustrates the currently known impor- 
tant players. The first genes of importance are the transcription factors 
HNF3B and GATA-4 . These genes are essential for the specification of 
endoderm and also play a role in the development of other epithelial tis- 
sues such as the lung and the pancreas (Ang and Rossant 1994; Kaestner 
et al. 1994; Weinstein et al. 1994; Kuo et al. 1997; Molkentin et al. 1997). 
Presently, the factor(s) which is responsible for the onset of liver gene 
expression before formation of the liver bud is not known. This factor 
would be of obvious interest in the utilization of liver stem cells. In con- 
trast, several factors involved in the formation of the liver bud are already 
known (Hentsch et al. 1996). c-jun (Hilberg et al. 1997), HGF (Schmidt 
et al. 1995), and c-met (Bladt et al. 1995) have all been shown to be essen- 
tial for liver bud formation. Other factors such as B1-integrin act later in 
the development of the liver (see Fig. 3). The phenotypes of mouse 
embryos homozygous for targeted disruptions in genes known to play a 
role in liver development are listed in Table 1. 

Overall, our understanding of liver development at the molecular level is 
still in its early stages. It is likely that many of the yet-to-be discovered 
mechanisms involved in liver specification during embryogenesis will also 
apply to progenitor-dependent liver regeneration and liver stem cell biology. 


Gastrulation 
HNF3B, GATA-4 
Foregut endoderm 
Pann! Onset of liver 
gene expression 
Formation of the liver bud 
Hix, c-jun, HGF, Growth, 
c-met, proxi cell migration 
Organ morphogenesis 


sek1, RXR, B-integrin 


Early liver 


Figure 3 Genes involved in early liver development. Phases of liver development 
are shown with regulatory proteins required for each of the designated transi- 
tions, based on gene knockout experiments in mice. (Adapted, with permission, 
from Zaret 1998 [©Elsevier Science].) 
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Table 1 Targeted disruption of genes involved in liver development 


Gene Phenotype Reference 

HNF3B embryonic-lethal, day 10; absent Ang and Rossant (1994); 
node and notochord; endo- Weinstein et al. (1994) 
dermal cells present, but gut 
tube doesn’t form 

GATA4 embryonic-lethal, day 8-10; Kuo et al. (1997); 


FGF receptor-1 


prox1 


c-jun 


Hx 


HGF 


c-met 


rel-A 
sek1/mkk4 
N-myc 


jumonji 
RXR 


absent heart tube and foregut 


early-embryonic-lethal; failure 
of mesodermal and endodermal 
lineages 
embryonic-lethal, mid gestation; 
hepatocyte migration into the 
liver bud is impaired 
embryonic-lethal, day 12-14; 
impaired hepatogenesis 
embryonic-lethal, day 15; hypo- 
plasia of liver and gut; liver 
begins ontogeny normally but 
fails to expand 
embryonic-lethal; small liver size 
and loss of parenchymal cells 
embryonic lethal; small liver; 
myogenic precursors fail to 
migrate to limb buds 
embryonic-lethal, day 15; hepato- 
cyte apoptosis in utero 
embryonic-lethal, day 10-12; 
small liver, hepatocyte apoptosis 
embryonic-lethal, day 12; hepato- 
cyte apoptosis in utero 
embryonic lethal; liver hypoplasia 
embryonic-lethal, day 13-16; 
delay in hepatocyte differenti- 
ation; hypoplastic heart 


Molkentin et al. (1997); 
Morrisey et al. (1998) 
Ciruna et al. (1997) 


Sosa-Pineda et al. (2000) 


Hilberg et al. (1997) 


Hentsch et al. (1996) 


Schmidt et al. (1995) 


Bladt et al. (1995) 


Beg et al. (1998) 
Nishina et al. (1999) 


Giroux and Charron 
(1998) 

Motoyama et al. (1997) 

Sucov et al. (1994) 


Markers of Hepatic Lineages 


Most of the studies pertaining to liver stem cell biology make extensive 
use of specific markers for different cellular phenotypes, including dif- 
ferentiated hepatocytes, biliary duct epithelium, hepatoblasts, and oval 
cells. Some markers are based on enzyme histochemical methods, but 
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most rely on the expression of cell-specific antigens, detectable with anti- 
bodies. Some markers are expressed only in hepatocytes, some only in 
bile duct epithelium, some only in oval cells, and some in combinations 
of these. The best antibodies have been developed against rat marker pro- 
teins, and these have been used to map the sequence of antigen expression 
in liver development and carcinogenesis (Hixson et al. 1990, 1996, 1997). 

Not all markers are expressed similarly in all species, and some mono- 
clonal antibodies do not cross-react. For example, a-fetoprotein is not 
expressed at high levels in mouse oval cells. Table 2 depicts the most 
important of these markers, their expression patterns, and the species in 
which they can be used. 

Unfortunately, most of the monoclonal antibodies that have been 
developed are not against antigens expressed on the cell surface. Hence, 
fluorescence-activated cell sorting (FACS) has not been possible for phe- 
notypic analysis of liver subpopulations. 


Hepatocyte-enriched Transcription Factors 


Four families of evolutionarily conserved transcription factors are 
involved in hepatocyte-specific gene expression (Cereghini 1996). These 
factors are enriched in liver but are not completely restricted to this organ. 
Because these factors are involved in setting up a hepatocyte program, 
they are also of interest in liver stem cell biology. Each family is com- 
posed of several members displaying similar DNA recognition properties. 
Current studies suggest a model for liver differentiation based on a regu- 
latory network rather than a genetic hierarchy (Cereghini 1996). The four 
transcription factor families are (1) the variant homeodomain-containing 
family of hepatocyte nuclear factor 1 (HNF1) proteins, (2) the HNF3 
winged helix proteins, (3) the nuclear receptor superfamily, and (4) the 
leucine zipper C/EBP family. These factors have been reviewed recently 
(Cereghini 1996). 

Two different members belong to the HNF1 homeodomain family: 
HNF1 and variant HNF1 (VHNF 1). Target genes include albumin, 0-feto- 
protein, and phenylalanine hydroxylase (Cereghini et al. 1988). In adult 
animals, HNF1 and vHNF1 are present in liver and kidney and intestinal 
organs (Rey-Campos et al. 1991). However, vHNF1 is primarily 
expressed in kidney, whereas HNF1 is abundant in the liver. Both genes 
are also expressed in a variety of epithelial tissues during embryogenesis 
(Coffinier et al. 1999). During mammalian development, VHNF1 expres- 
sion occurs earlier than that of HNF1. VHNF1 can already be found at day 
5 of gestation in the mouse in visceral endoderm (Cereghini et al. 1992). 
It is also expressed at the onset of liver development when ventral foregut 


464 M. Grompe and M.J. Finegold 


Table 2 Markers for hepatic cell types 


Biliary duct 
Marker Hepatocytes epithelium Oval cells _ Reference 
Albumin af - + Houssaint (1980); 
Shiojiri et al. (1991) 
o1-Antitrypsin + - +H Gauldie et al. (1980) 
a-Fetoprotein fetal only - + (rat, Shiojiri et al. (1991) 
human) 
— (mouse) 
Glucose-6-phos- + = + Plenat et al. (1988) 
phatase 
Dipeptidyl canalicular At a Petell et al. (1990) 
peptidase IV 
Fumarylaceto- h - —(mouse) Grompe et al. (1995) 
acetate ? (rat, 
hydrolase human) 
Glutamine + (zone 3 - - Smith and Campbell 
synthetase only) (1988) 
A6 —(mouse) +(mouse) +(mouse) Engelhardt et al. (1990) 
Cytokeratin 7 - a - Shiojiri et al. (1991) 
Cytokeratin 8 + af ae Van Eyken et al. (1988) 
Cytokeratin 14 = - + (human) Haruna et al. (1996) 
Cytokeratin 18 + at a Van Eyken et al. (1988) 
Cytokeratin 19 - + —(mouse) Gebhardt et al. (1988); 
+ (rat, Bouwens et al. (1994) 
human) 
OvV1 - + (rat) + (rat) Dunsford and Sell (1989) 
OV6 - + + (rat, Dunsford and Sell (1989) 
human) 
OC.1 - + (rat) — (rat) Hixson and Allison (1985) 
OC.2 - + (rat) + (rat) Hixson and Allison (1985) 
OC.3 - + (rat) + (rat) Hixson and Allison (1985) 
BD.1 - + (rat) + (rat) Yang et al. (1993) 
Vimentin = fetal only az Golding et al. (1995) 


endoderm cells proliferate to form the liver primordium. HNF1 is first 
found in the yolk sac at 8 days but is expressed strongly only at later 
stages in more differentiated cells of the developing liver. These observa- 
tions suggest that the VHNF1 may be involved in morphogenesis of 
organs such as the liver and kidney, whereas HNF1 may be involved in 
maintaining the differentiated state. Consistent with this hypothesis, 
HNF1 knockout mice have intact hepatic organogenesis but defects in 


expression of some liver-specific genes (Pontoglio et al. 1996). 
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The HNF3 winged helix family contains three members, HNF3a, 
HNF3f, and HNF3y.The DNA-binding motif of these putative transcrip- 
tion factors has a high degree of similarity to a region of the Drosophila 
gene fork head, which is involved in organogenesis in the fly. The HNF3 
family members are expressed during the development of the endoderm 
as well as in cells of the notochord and ventral neural epithelium. During 
embryogenesis, HNF3B comes on first, followed by HNF3«a and finally 
HNF3y. The three genes show different anterior boundaries but an identi- 
cal posterior boundary (the hindgut) in the developing endoderm. This 
suggests that they are involved in the regionalization of the definitive 
endoderm (Ang et al. 1993). All three family members are expressed in a 
variety of epithelial adult organs, including the liver and the intestine. 
Targeted gene knockouts of some have shed some light on their specific 
functions. HNF3B knockout mice die at day 10 of embryogenesis because 
of notochord defects. Recently, a novel transcription factor HNF6 has 
been found to regulate expression of HNF3B. HNF6 belongs to the cut 
homeodomain family of transcription factors. HNF6 knockout mice lack 
a gall bladder and have developmental abnormalities of the intrahepatic 
bile ducts (Jacquemin et al. 2000). 

Several orphan nuclear receptors have been identified as hepatocyte 
transcription factors. These include HNF4, CoupF1, and Arp-1. HNF4 
was first identified by its interaction with liver-specific promoters, and its 
ligand is unknown (Costa et al. 1989). HNF4 is involved with diverse 
metabolic functions, including gluconeogenesis, cholesterol metabolism, 
and amino acid metabolism. In the adult, HNF4 is expressed at high lev- 
els in liver, kidney, and intestine (Sladek et al. 1991). During mouse 
development, it is expressed in primitive endoderm at 4.5 days and then 
becomes restricted to visceral endoderm at day 5.5 (Duncan et al. 1994). 
GATA6 is upstream of HNF4 and regulates its expression (Morrisey et al. 
1998). In embryonic development, HNF4 is essential, as shown by the 
fact that HNF4 knockout mice die at day 6 of gestation with an endoder- 
mal defect (Chen et al. 1996). However, the embryos can be rescued later 
in gestation and thus show that HNF4 is essential for hepatocyte differ- 
entiation (Duncan et al. 1997; Li et al. 2000). CoupTF1 and Arp-1 are 
negative regulators of hepatocyte gene expression (Kimura et al. 1993; 
Legraverend et al. 1994; Hall et al. 1995; Lazennec et al. 1997). 

The CCAAT enhancer-binding protein family (C/EBP) has four 
known members; C/EBPa, C/EBPB, C/EBP6, and C/EBPy. These share a 
highly conserved terminal bipartite domain defined as a basic leucine zip- 
per (bZIP). C/EBPa is expressed predominantly in hepatocytes, intestinal 
epithelial cells, and fat cells. C/EBPa knockout mice have an interesting 
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phenotype that includes some hyperproliferation of hepatocytes and an 
absence of brown fat (Lee et al. 1997). Like C/EBPa, both C/EBPB and 
C/EBP6 are also required for adipocyte differentiation (Tanaka et al. 
1997), but all of these factors are also found at high levels in the liver 
(Descombes and Schibler 1991). C/EBPB has been implicated in regulat- 
ing genes of the acute-phase response and inflammation (Poli et al. 1990). 

The PAR subfamily of leucine zipper transcription factors is related to 
the C/EBP proteins. Three members are currently known, including DBP 
(Mueller et al. 1990), hepatic leukemia factor (HLF) (Inaba et al. 1994), 
and TEF (Drolet et al. 1991). Whereas the C/EBP factors have a more 
relaxed specificity and bind to PAR recognition sites, PAR proteins are 
more selective in their recognition and bind only to a subset of C/EBP 
sites (Drolet et al. 1991). The PAR subfamily member DBP has the inter- 
esting property of being expressed in circadian rhythm-dependent fashion 
(Lavery and Schibler 1993). 

Table 3 shows the phenotypes of targeted disruptions of hepatocyte- 
specific transcription factors. 


Table 3 Gene knockouts of hepatocyte transcription factors 


HNF1 viable; defective insulin secretion; Lee et al. (1998); 
impaired expression of some liver Pontoglio et al. (1998) 
genes 

HNF3a neonatal lethal; hypoglycemia; de- Kaestner et al. (1999) 
creased glucagon expression 

HNF3B embryonic-lethal, day 10; absent node Ang and Rossant (1994); 
and notochord; endodermal cells Weinstein et al. (1994) 
present, but gut tube doesn’t form 

HNF-3y viable; altered rates of transcription  Kaestner et al. (1998) 
of hepatocyte genes 

HNF6 viable, reduced number of pancreatic Jacquemin et al. (2000) 
endocrine cells; absent gallbladder; 
bile duct abnormalities 

HNF4 embryonic-lethal, day 6; impaired Chen et al. (1996) 
gastrulation 

Coup-TF1 perinatal death; abnormal cranial Qiu et al. (1997) 
nerves 

Coup-TFII — embryonic lethal; defective heart Pereira et al. (1999) 

(Arp-1) development 

C/EBPa neonatal lethal; hypoglycemia; de- Wang et al. (1995); Lee 
creased brown fat et al. (1997) 

C/EBPB neonatal lethal; decreased brown fat —_ Tanaka et al. (1997) 


C/EBP8 neonatal lethal; decreased brown fat Tanaka et al. (1997) 
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Liver Stem Cells 


The ancient Greek legend of Prometheus illustrates that the phenomenon 
of liver regeneration has been known since antiquity. Animals (including 
humans) can survive surgical removal of up to 75% of the total liver mass. 
The original number of cells is restored within 1 week and the original tis- 
sue mass within 2—3 weeks (Bucher and Swaffield 1964; Stocker and 
Pfeifer 1965). This process can occur repeatedly, indicating a very high 
organ regenerative capacity, which is in contrast to most other parenchy- 
mal organs, such as kidney or pancreas (Stocker et al. 1973). Importantly, 
liver size is also controlled by prevention of organ overgrowth. Hepatic 
overgrowth can be induced by a variety of compounds such as HGF or 
peroxisome proliferators, but the liver size returns to normal very rapidly 
after removal of the growth-inducing signal. The role of liver stem cells 
in regeneration has been controversial (Fausto 1994; Sell 1994; 
Thorgeirsson 1996; Alison et al. 1997; Sell and Ilic 1997), but many of 
the disagreements can be reconciled by considering the different experi- 
mental conditions that have been used to study the process. Liver stem 
cells can be defined in several different ways which are: (1) cells respon- 
sible for normal tissue turnover; (2) cells that give rise to regeneration 
after partial hepatectomy; (3) cells responsible for progenitor-dependent 
regeneration; (4) transplantable liver repopulating cells; and (5) cells that 
result in hepatocyte and BDE phenotypes in vitro. Current evidence 
strongly suggests that different cell types and mechanisms are responsi- 
ble for organ reconstitution, depending on the type of liver injury. In addi- 
tion, tissue replacement by endogenous cells (i.e., regeneration) must be 
distinguished from reconstitution by transplanted donor cells (i.e., repop- 
ulation). In the following, we discuss the role of stem or progenitor cells 
for each of these operant definitions. 


LIVER REGENERATION 


Three separate mechanisms for liver regeneration are considered: (1) nor- 
mal tissue turnover, (2) hepatocyte-driven regeneration after liver injury, 
and (3) progenitor-dependent regeneration after liver injury. 


Liver Regeneration during Normal Tissue Turnover 


The average life span of adult mammalian hepatocytes has been estimat- 
ed to be ~200-300 days (Bucher and Malt 1971). The mechanism by 
which these cells are replaced has been of interest for some time. One of 
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the main models regarding normal liver turnover was termed the “stream- 
ing liver” (Zajicek et al. 1985; Arber et al. 1988). According to this model, 
normal liver turnover is similar to regeneration in the intestine, with young 
hepatocytes being born in the portal zone and then migrating toward the 
central vein. The different patterns of gene expression in zone-1, -2, and 
-3 hepatocytes were explained by the aging process during this migration 
and thus represented a typical lineage progression. It has also been noted 
that the ploidy and size of hepatocytes depend on their location within the 
lobule. Central (zone-3) hepatocytes tend to be larger and more polyploid 
than their periportal counterparts. However, recent work has provided 
strong evidence against the streaming liver hypothesis. First, it was shown 
in elegant studies that the gene expression pattern in hepatocytes was 
dependent on the direction of blood flow (Thurman and Kauffman 1985). 
If blood flow was reversed such that portal blood entered the lobule 
through the central vein and exited via the portal vein, the pattern inverted. 
Therefore, the lobular zonation is best explained by metabolite-induced 
gene regulation, not lineage progression. Second, retroviral marking stud- 
ies provide clear evidence against any hepatocyte migration during normal 
turnover (Bralet et al. 1994; Kennedy et al. 1995). Retrovirally marked 
hepatocytes formed small clones that remained largely coherent and were 
equally distributed in zones 1, 2, and 3. 

These results have been confirmed in elegant studies utilizing the 
mosaic pattern of X-inactivation in female mice to analyze patterns of 
hepatocyte growth (Shiojiri et al. 1997, 2000). Thus, current evidence 
strongly suggests that normal liver turnover in adult animals is mediated 
primarily by in situ cell division of hepatocytes themselves and not stem 
cells (Ponder 1996). 


Regeneration after Partial Hepatectomy (Hepatocyte-driven 
Injury Response) 


Liver regeneration after a 66% partial hepatectomy is relatively well 
understood in terms of molecular regulation and has been the subject of 
several excellent reviews (Thorgeirsson 1996; Michalopoulos and 
DeFrances 1997). During partial hepatectomy, specific lobes are removed 
intact without damage to the lobes left behind. The residual lobes grow to 
compensate for the mass of the resected lobes, although the removed 
lobes never grow back. The process is completed within one week. Again, 
as in normal liver turnover, there is no evidence for involvement of, or 
requirement for, stem cells in this process. Classic thymidine labeling 
studies show that virtually all hepatocytes in the remaining liver divide 


Liver Stem Cells 469 


= Hepalpoytes 
= Bikery ductular calls 
Kupller and lis oolla 
= Situscedad wraholleeliel calle. 
! 


Percent labeled cells 


a i 2 3 F 5 A 7 4 3 WW 


Days after partial hepatectomy 


Figure 4 Time course of liver regeneration. The [*H]thymidine labeling index of 
different hepatic cell types after partial hepatectomy is shown. (Reprinted, with 
permission, from Michalopoulos and DeFrances 1997 [© American Association 
for the Advancement of Science].) 


once or twice to restore the original cell number within 3-4 days (Bucher 
and Swaffield 1964; Stocker and Pfeifer 1965). The earliest labeled hepa- 
tocytes are seen 24 hours after partial hepatectomy, with the peak of 
thymidine incorporation occurring at 24-48 hours, depending on the 
species. Interestingly, there is zonal variation depending on how much tis- 
sue is removed. When only 15% of the liver is surgically removed, peri- 
portal (zone 1) hepatocytes divide preferentially, whereas cell division is 
seen equally in all three zones after 75% partial hepatectomy (Bucher and 
Swaffield 1964). Following the hepatocytes, the other hepatic cell types 
also undergo a wave of mitosis, thereby restoring the original number of 
all liver cells within 7 days (see Fig. 4). 


Factors Involved in Liver Regeneration after Partial Hepatectomy 


The factors that initiate and control the regenerative response after par- 
tial hepatectomy have been the subject of intense study (Michalopoulos 
1994; Michalopoulos and DeFrances 1997; Fausto 2000). Obviously, 
some of these are likely also to be involved in the differentiation of liver 
stem cells and are therefore of interest in this chapter. Several critical fac- 
tors for the induction of hepatocyte cell division in this system have been 
identified. The earliest event, occurring within one minute after the sur- 
gical removal, is a large increase in the blood level of hepatocyte growth 
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factor (HGF) (Lindroos et al. 1991). This rapid increase cannot be 
explained by de novo synthesis, and it is thought that partial hepatectomy 
causes remodeling of extracellular matrix in the liver and release of HGF 
stored therein (Kim et al. 1997). HGF then binds to its receptor c-met 
(Bottaro et al. 1991) and activates a signal transduction pathway leading 
to re-entry of hepatocytes into the cell cycle. Although HGF is a prima- 
ry mitogen for hepatocytes and is responsible for the early events after 
partial hepatectomy, other cytokine-receptor interactions are also impor- 
tant in the cascade leading to mitosis. Known factors include interleukin 
6 (IL-6), tumor necrosis factor-a (TNFa), transforming growth factor-a 
(TGFa), and epidermal growth factor (EGF). IL-6 and TNFa knockout 
mice both show significantly delayed regeneration after partial hepatec- 
tomy (Cressman et al. 1996; Taub 1996; Yamada et al. 1997; Yamada and 
Fausto 1998). Although EGF is a primary mitogen for hepatocytes in tis- 
sue culture (Michalopoulos et al. 1984; Lindroos et al. 1991), its role in 
liver regeneration in vivo is less clear because EGF levels increase only 
modestly after partial hepatectomy (Noguchi et al. 1991). In contrast, 
TGFa mRNA and protein levels increase markedly within hours after 
partial hepatectomy (Mead and Fausto 1989), and TGFa overexpression 
can drive hepatocyte replication in vivo. Non-peptide hormones also have 
a significant role in the regenerative response after liver injury. 
Triiodothyronine (Short et al. 1980) and norepinephrine (Cruise et al. 
1988; Cruise 1991) can stimulate hepatocyte replication in vivo. It is not 
known whether any of these factors are also important for progenitor- 
dependent liver regeneration or engraftment and expansion of liver stem 
cells (see below). 

Less knowledge exists about the mechanisms by which hepatocyte 
cell division and liver regeneration are stopped after the appropriate liver 
mass has been restored. In particular, the exogenous signals (endocrine, 
paracrine, or autocrine) involved in sensing the overall liver cell mass 
and negatively regulating its size are not known. Some evidence suggests 
that transforming growth factor-B 1 (TGFB1) may be important in ter- 
minating liver regeneration (Jirtle et al. 1991). Some endogenous signals 
are known to participate in the negative regulation of hepatocyte growth. 
Not surprisingly, they include general tumor suppressor genes. For 
example, mice lacking p53 or the p53-inducible cell cycle regulatory 
protein p21 have been shown to have continuous hepatocyte turnover 
(Wu et al. 1996; Yin et al. 1998). In addition, some more hepatocyte-spe- 
cific transcription factors are also known to play a role. A hyperprolifer- 
ative state was found in C/EBPa knockout mice (Wang et al. 1995; 
Timchenko et al. 1996). 
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Progenitor Cell-dependent Liver Regeneration 
Oval Cells 


Although neither cell replacement during normal tissue turnover nor after 
injury by partial hepatectomy requires stem cells for organ regeneration, 
this is not true for all types of liver injury. In some types of damage to the 
liver, small cells with a high nuclear/cytoplasmic ratio emerge in the por- 
tal zone, proliferate extensively, and migrate into the lobule. These small 
cells, which eventually become differentiated hepatocytes, are termed 
oval cells because of their initial observed morphology (Shinozuka et al. 
1978). Importantly, oval cells are not derived from hepatocytes, but 
instead are the offspring of cells associated with the canal of Hering (Fig. 
5). Oval cell proliferation therefore represents an example of progenitor- 
dependent liver regeneration. The cell that probably resides in the canal of 
Hering gives rise to oval cells and can be considered a “facultative liver 
stem cell” (Alison et al. 1996; Theise et al. 1999). In the rat, chronic liver 
injuries caused by chemicals such as DL-ethionine, galactosamine, and 
azo dyes represent examples of this type of liver damage (see Table 3). 
The toxic drugs are often combined with surgical partial hepatectomy. 

A common feature of progenitor-dependent liver regeneration is that 
the hepatocytes themselves cannot divide normally. Thus, progenitor- 
dependent regeneration may be utilized when parenchymal hepatocytes 
are severely damaged on a chronic basis and/or unable to regenerate effi- 
ciently. Oval cells express markers of both bile duct epithelium (CK19) 
and hepatocytes (albumin). In the rat they also express high levels of a- 
fetoprotein and are thus similar to fetal hepatoblasts in their gene expres- 
sion profile (Shinozuka et al. 1978). Furthermore, oval cells are bipoten- 
tial and retain the ability to differentiate into both the bile duct epithelial 
and hepatocyte lineages in vitro (Sirica et al. 1990; Sirica 1995). Because 
of their similarity to hepatoblasts and their bipotentiality, oval cells have 
been considered early progenitors by analogy with committed hematopoi- 
etic progenitors. Thus, oval cell precursors located in the canal of Hering 
represent likely candidates for liver-repopulating stem cells (Fausto et al. 
1993). 

Several monoclonal antibodies have been raised against rat oval cells 
and used to study lineage progression. The cell surface marker OV6 has 
found wide application in a variety of studies (Hixson et al. 1997). In gen- 
eral, studies with these reagents have confirmed the similarity between 
oval cells and fetal hepatoblasts. Oval cells have been shown to express 
both the c-kit tyrosine kinase receptor and its ligand, stem cell factor 
(SCE, steele factor, MCGF) (Fujio et al. 1994). The SCF/c-kit system 


472 M. Grompe and M.J. Finegold 


Figure 5 Electron microcopy of putative liver stem cells. A canal of Hering is shown 
by electron microscopy. Hepatocytes (HEP) and biliary epithelial cells (BE) join to 
form this transitional conduit between bile canaliculi and portal bile ducts. The inter- 
face cells (*) are thought to be oval cell precursors. (L) Lumen of the bile duct. 


plays an important role in stem cell-driven hematopoiesis, melanogenesis, 
and gametogenesis. This has raised the issue of whether oval cells may 
respond to similar signals to these other stem cells. 

Oval cell proliferation has also been described in a variety of human 
liver diseases, indicating that progenitor-dependent regeneration can be 
found in multiple organisms. Oval cells are found in disorders associated 
with chronic liver injury and are located at the edges of nodules in liver 
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cirrhosis. As in the rat, OV6 is a useful marker for these cells in humans 
(Crosby et al. 1998). Interestingly, cells that are c-kit-positive but nega- 
tive for hematopoietic markers have also been identified in human pedi- 
atric liver disease (Baumann et al. 1999). 

Until recently, it has been difficult to induce oval cell proliferation in 
the mouse and thus take advantage of the powerful genetics in this organ- 
ism. Using transgenic mice, it would be possible to determine whether 
factors known to be important in liver regeneration after partial hepatec- 
tomy are also required for oval cell-driven regeneration. 

Now, however, two protocols have been developed that result in pro- 
genitor-dependent hepatocyte regeneration in the mouse (Preisegger et al. 
1999). One regimen utilizes cocaine + phenobarbital (Rosenberg et al. 
2000) and the other 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) 
(Preisegger et al. 1999). Mouse “oval cells” differ from their rat and 
human counterparts in not expressing AFP. The OV6 antibody does also 
not react with murine oval cells, and to date only one oval-cell-specific 
antibody, termed A6, has been developed for the mouse (Faktor et al. 
1990). Nonetheless, work on the genetics of oval cell proliferation is now 
possible. An example is the recent discovery, using transgenic mice, that 
TGF 1 inhibits oval cell proliferation (Preisegger et al. 1999). 

Table 4 shows a list of conditions that result in oval cell proliferation 
in the rat and mouse. 


Table 4 Induction of progenitor-dependent liver regeneration 


Chemical/Manipulation Reference 


Rat 


2-Acetylaminofluorene (AAF) 
Diethylnitrosamine (DEN) 
Solt-Farber model 

DEN + AAF + p.H. 
Modified Solt-Farber model 

AAF + p.H. 
Choline-deficient diet + DL-ethionine 
D-Galactosamine + p.H. 
Lasiocarpine + p.H. 
Retrorsine + p.H. 


Mouse 


Dipin 

3,5-Diethoxycarbonyl-1,4-dihydro- 
collidine (DDC) 

Phenobarbital + cocaine + p.H. 


Teebor and Becker (1971) 
Schwarze et al. (1984) 
Solt et al. (1977) 


Evarts et al. (1990) 


Shinozuka et al. (1978) 

Lemire et al. (1991) 

Laconi et al. (1995) 

Laconi et al. (1998); Gordon 
et al. (2000) 


Factor et al. (1994) 
Preisegger et al. (1999) 


Rosenberg et al. (2000) 


p.H. = Partial hepatectomy. 
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Non-oval-cell Progenitors 


Oval cells are defined by their morphologic appearance in the rat, but 
there is variability in the marker genes they express at different times after 
induction of their proliferation. The different induction regimens also 
result in variability of the phenotype. Therefore, it is not clear whether 
oval cells are all equivalent or whether different subclasses exist. 
Recently, another class of hepatocyte progenitors has been described after 
treatment of rats with retrorsine and partial hepatectomy (Gordon et al. 
2000). Retrorsine blocks the division of mature hepatocytes but does not 
result in the emergence of classic oval cells, which are a&-fetoprotein- and 
OV6-positive. Instead, foci of small hepatocyte-like cells emerge and 
eventually result in organ reconstitution. These small cells express both 
hepatocyte and bile duct markers. At this time, their origin (dedifferenti- 
ated hepatocytes, transitional cells in the canal of Hering, bone marrow) 
is unknown. 


LIVER REPOPULATION BY TRANSPLANTED CELLS 


The hematopoietic stem cell was defined primarily by its ability to repop- 
ulate and rescue hematopoiesis in lethally irradiated hosts. In the 1990s, 
similar repopulation assays were developed for the liver in several animal 
models (Rhim et al. 1994; Overturf et al. 1996; Laconi et al. 1998). In 
liver repopulation, a small number of transplanted donor cells engrafted in 
the liver expand and replace >50% of the liver mass (Grompe et al. 1999). 
Thus, it has now become possible to perform experiments analogous to 
those done in the hematopoietic system, including cell sorting, competi- 
tive repopulation, serial transplantation, and retroviral marking. Hepatic 
stem cells can now be defined by their ability to repopulate the liver. It 
should be emphasized that liver repopulation refers to replacement of only 
the hepatocytes by transplanted cells since efficient repopulation of the 
biliary system by transplanted cells has not yet been reported. 


Models for Liver Repopulation 


Three main animal models for liver repopulation studies are briefly 
described below. The first two are transgenic mice and the third is a chem- 
ical liver injury model in the rat. 


Urokinase Plasminogen Activator Transgenic Mice 


In 1991, Sandgren et al. developed mice transgenic for the urokinase plas- 
minogen activator (uPA) gene under control of the albumin promoter. 
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These animals displayed liver inflammation with necrosis and a paucity 
of mature hepatocytes. Most animals died, but some survivors showed 
spontaneous development of nodular regions of liver containing normal 
hepatocytes. These nodules were found to be clonal and to have originat- 
ed from a spontaneous loss of the uPA transgene. The reverted cells had 
a selective growth advantage and thus repopulated the transgenic liver. 
Similarly, transplanted wild-type cells (hepatocytes) also have a powerful 
selective advantage and can repopulate these mice (Rhim et al. 1994). 


Fumarylacetoacetate Knockout Mice 


The enzyme fumarylacetoacetate hydrolase (FAH) catalyzes the last reac- 
tion in the tyrosine catabolic pathway (Knox and Edwards 1955). FAH 
deficiency results in accumulation of a hepatotoxic metabolite and caus- 
es the human liver disease tyrosinemia type I (HT1) (Lindblad et al. 1977; 
Mitchell et al. 1999). Similar to the uPA transgenic mice, human HT1 
patients frequently develop clonal hepatocyte nodules derived from 
reverted cells, which have lost the disease-causing mutation and express 
FAH (Kvittingen et al. 1993, 1994). This finding suggested that trans- 
planted FAH-positive donor cells could be used to repopulate FAH mutant 
liver. Indeed, it was shown that as few as 1000 donor cells could com- 
pletely repopulate the liver of an FAH knockout mouse within 6 weeks 
(Overturf et al. 1996). In mice, FAH deficiency is lethal in the neonatal 
period (Grompe et al. 1993) unless the animals are treated with 2(2-nitro- 
4-trifluoromethylbenzoyl)-1,3 cyclohexane dione (NTBC), a pharmaco- 
logical inhibitor of tyrosine catabolism upstream of FAH (Lindstedt et al. 
1992; Grompe et al. 1995). NTBC blocks the hepatocyte injury, thus 
allowing the propagation of mutant animals and control of the selective 
pressure that drives repopulation by transplanted cells. 


Retrorsine-treated Rats 


Both murine models for liver repopulation utilize genetically modified 
animals. In contrast, Laconi et al. (1995) developed an approach to liver 
repopulation by chemically blocking the regenerative capacity of host 
cells using lasiocarpine or retrorsine, structurally similar pyrrolizidine 
alkaloids. These compounds are selectively metabolized to their active 
form by hepatocytes, where they alkylate cellular DNA and cause prolif- 
eration arrest of hepatocytes in the G, phase of the cell cycle (Samuel and 
Jago 1975; Mattocks et al. 1986). Gordon et al. (2000) have shown recent- 
ly that partial hepatectomy of retrorsine-treated animals induces prolifer- 
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ation of endogenous, small, hepatocyte-like progenitor cells. Retrorsine 
followed by partial hepatectomy can also be used to achieve near-total liver 
repopulation by transplanted donor cells. Typically, genetically marked rat 
hepatocytes that are positive for the bile canalicular membrane protein 
dipeptidyl peptidase IV (DPPIV) are injected into the spleen of a congenic 
strain of mutant rats not expressing DPPIV enzyme activity. Within 2 
months, there was 40-60% replacement by transplanted hepatocytes in 
female rats and >95% replacement in male rats (Laconi et al. 1998). 


LIVER-REPOPULATING CELLS 


The animals described above have been utilized to determine the nature 
of transplantable liver-repopulating cells and to determine whether undif- 
ferentiated stem cells are driving this process. The stem cell hypothesis 
was strengthened by the observation that liver-repopulating cells could be 
serially transplanted without loss of functionality (Overturf et al. 1997). 
Male wild-type hepatocytes were serially transplanted at limiting dilution 
through seven rounds of female FAH knockout recipients. Complete 
repopulation was achieved in each round, and it was estimated that the 
repopulating cells in the seventh-round recipients had undergone at least 
100 cell doublings, similar to what has been seen in serial transplantation 
of hematopoietic stem cells (Overturf et al. 1997). Interestingly, the only 
donor-derived cells in this experiment were hepatocytes. No biliary 
epithelium or other cell types of donor origin were found, thus raising the 
possibility of a “unipotential” stem cell. 


Hepatocytes as Liver-repopulating Cells 


In most liver repopulation experiments reported to date, only unfraction- 
ated cell suspensions from whole liver were used, and thus, it remained 
unclear whether the hepatocytes themselves or only a rare subpopula- 
tion(s) participates in the process. It would seem reasonable to hypothe- 
size that adult liver cells are not homogeneous in their capacity for cell 
division and that subpopulations with high repopulation capacity might 
exist. The highly regenerative capacity of serially transplantable cells in 
particular has raised the question whether liver stem cells may be respon- 
sible for liver repopulation. 

In the hematopoietic system, repopulation experiments with purified 
fractions of total bone marrow were used to identify stem cells 
(Spangrude et al. 1988; Baum et al. 1992). Similar experiments have now 
been performed with liver cells. 
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In the FAH mutant mouse model, three sets of experiments were per- 
formed to address whether differentiated hepatocytes or putative stem 
cells were responsible for the repopulation (Overturf et al. 1999). First, 
cell fractionation by centrifugal elutriation was used to identify and puri- 
fy three major-size fractions of hepatocytes (16 um, 21 Um, and 27 um). 
Each fraction was transplanted in competition with unfractionated liver 
cells carrying a distinct genetic marker, which serves as a baseline refer- 
ence for liver repopulation. The larger hepatocytes, which represented 
~70% of the population, were primarily responsible for liver repopulation. 
In contrast, small diploid hepatocytes were inferior to the larger cells in 
competitive repopulation experiments. Second, competitive repopulation 
was performed between naive liver cells and those that had been serially 
transplanted up to seven times. Importantly, serial transplantation neither 
enhanced nor diminished the liver repopulation capacity. If serial liver 
repopulation were stem cell-dependent, this result would suggest that the 
ratio of progenitors to differentiated hepatocytes was kept constant during 
a 10°°-fold cell expansion. More likely, this result means that virtually all 
the original input cells (>95% hepatocytes) were capable of serial trans- 
plantation. The third set of experiments involved retroviral marking of 
donor hepatocytes in vitro and in vivo. Again, no evidence for a rare stem 
cell responsible for liver repopulation was detected. Together, these exper- 
iments strongly suggested that fully differentiated hepatocytes, which 
constitute the majority of liver cells, were responsible for liver repopula- 
tion and have a stem-cell-like capacity for cell division. 


LIVER REPOPULATION BY NON-HEPATOCYTES 


Despite the evidence that hepatocytes themselves are serially trans- 
plantable liver-repopulating cells, other cell types are also capable of 
repopulating the liver. This finding is analogous to the situation in liver 
regeneration where hepatocytes themselves, as well as undifferentiated 
hepatocyte progenitors, are capable of reconstituting the organ. In the fol- 
lowing, we describe transplantation experiments that demonstrate the 
capacity of five non-hepatocyte cell types to differentiate into hepatocytes 
in vivo: (1) fetal hepatoblasts, (2) oval cells, (3) pancreatic liver progeni- 
tors, (4) hematopoietic stem cells, and (5) neurospheres. 


Fetal Hepatoblasts 


During embryonic development, the fetal liver bud contains hepatoblasts, 
cells that express ot-fetoprotein as well as hepatocyte (albumin) and bil- 
iary (CK19) markers. These cells therefore may represent fetal liver stem 
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cells capable of hepatocyte repopulation and, potentially, also reconstitu- 
tion of the biliary system. 

Only one report on transplantation of hepatoblasts has been published 
(Dabeva et al. 2000). This study, using fetal rat liver cells in the retrorsine 
model, indicated that there were at least three distinct subpopulations of 
hepatoblasts at ED 12-14. One population appeared to be bipotential on 
the basis of histochemical markers, and the other two had either a unipo- 
tent hepatocyte or biliary epithelial cell phenotype (Dabeva et al. 2000). 
After transplantation, the bipotential cells were able to proliferate in 
retrorsine-treated cell transplantation recipients, whereas the unipotent 
cells grew even in untreated rats. However, none of the fetal liver cell pop- 
ulations proliferated spontaneously, partial hepatectomy or thyroid hor- 
mone treatment being required to augment proliferation of the transplant- 
ed cells (Dabeva et al. 2000). Nonetheless, fetal liver cells proliferated 
more readily than adult cells. Finally, the transplanted fetal cells gave rise 
to both hepatocyte cords and mature bile duct structures. It was not for- 
mally proven, however, that both of these cell lineages originated clonal- 
ly from a common precursor. Together, these results indicated that trans- 
planted fetal hepatoblasts proliferate more readily than adult hepatocytes, 
and some fetal liver cells may remain bipotential. 


Oval Cells 


Oval cells are similar to fetal hepatoblasts in that they are also bipotential. 
These cells have, therefore, been of interest in liver repopulation experi- 
ments. Hepatocyte progenitor (or oval) cells can be isolated from the liver 
of rats treated with D-galactosamine (Lemire et al. 1991) or the pancreas 
of rats treated with a copper-deficient diet (Rao et al. 1986). Copper 
depletion causes atrophy of pancreatic acini and proliferation of duct-like 
oval cells expressing genes in the hepatocyte lineage (Rao et al. 1986, 
1988). Transplantation of both hepatic- and pancreatic-derived oval cells 
has been reported in the rat (Dabeva et al. 1997). Upon transplantation, 
these cells proliferated modestly and differentiated into mature hepato- 
cytes (Dabeva et al. 1997), even under nonselective conditions. However, 
because no in vivo selection model was used, their true capacity for liver 
repopulation was not demonstrated in these experiments. Thus, oval cells 
can become hepatocytes (by morphological criteria) upon transplantation 
into the liver, but their proliferative capacity remains unknown. 


Pancreatic Hepatocytes 


During embryogenesis, the main pancreatic cell types, including ducts, 
ductules, acinar cells, and the endocrine a, B, and 6 cells, develop from a 
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common endodermal precursor located in the ventral foregut (Spooner et 
al. 1970; Rutter 1980). Importantly, the main epithelial cells of the liver, 
hepatocytes and bile duct epithelium (BDE), are also thought to arise 
from the same region of the foregut endoderm (Shiojiri et al. 1991; 
Gerber and Thung 1992). The hepatic anlage develops ventrally toward 
the cardiac mesenchyme, which induces the hepatoblast differentiation 
pathway. The pancreas buds from the same region, with its ventral lobe 
growing anteriorly in the same direction as the liver and its larger dorsal 
lobe growing posteriorly. Thus, the ventral lobe of the pancreas is partic- 
ularly closely related anatomically to the liver. The signals that govern the 
respective developmental pathways are only beginning to be understood 
(Gittes and Rutter 1992; Rudnick et al. 1994). 

This tight relationship between liver and pancreas in embryonic 
development has raised the possibility that a common hepato-pancreatic 
precursor/stem cell may persist in adult life in both the liver and pan- 
creas. Indeed, several independent lines of evidence suggest that adult 
pancreas contains cells which can give rise to hepatocytes. The best- 
known example is the emergence of hepatocytes in copper-depleted rats 
after re-feeding of copper (Rao et al. 1986, 1988). In this system, wean- 
ling rats are fed a copper-free diet for 8 weeks, which leads to complete 
acinar atrophy, and then are re-fed copper. Within weeks, cells with mul- 
tiple hepatocellular characteristics emerge from the remaining pancreat- 
ic ducts. This work has been interpreted to suggest the presence of a pan- 
creatic liver stem cell (Reddy et al. 1991). This notion is also supported 
by the appearance of hepatocellular markers in human pancreatic cancers 
(Hruban et al. 1987). More recently, a specific cytokine has been identi- 
fied as a candidate to drive this process. Transgenic mice in which the 
keratinocyte growth factor (KGF) gene is driven by insulin promoter 
consistently develop pancreatic hepatocytes (Krakowski et al. 1999a,b). 
Thus, the existence of pancreatic liver precursors has been shown in sev- 
eral different mammalian species and under multiple experimental con- 
ditions. Both adult liver and adult pancreas may continue to harbor a 
small population of primitive hepato-pancreatic stem cells with the 
potential to give rise to the same differentiated progeny as during 
embryogenesis. 

Transplantation experiments have verified the pancreatic liver stem 
cell hypothesis. As mentioned above, pancreatic oval cells induced by 
copper depletion were shown to give rise to morphologically normal 
hepatocytes in vivo (Dabeva et al. 1997). To determine whether pancreat- 
ic hepatocyte precursors also exist in normal pancreas without the use of 
toxic induction regimens, repopulation experiments were performed in 
the FAH knockout mouse model. Pancreatic cell suspensions from adult 
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wild-type mice on a normal diet were transplanted into FAH mutant recip- 
ients, and selection was induced by NTBC withdrawal. Extensive liver 
repopulation (>50%) was observed in about 10% of transplant recipients, 
and another 35% had histological evidence for donor-derived hepatocyte 
nodules (Wang et al. 2001). Thus, adult murine pancreas contains hepa- 
tocyte precursors, even under normal, nonpathologic conditions. It 
remains to be determined whether these pancreatic liver stem cells also 
harbor other differentiation potential, particularly toward the pancreatic 
endocrine lineage. 


Bone Marrow-derived Hepatocytes 


Recent work has documented that the adult bone marrow of mammals 
contains cells with a variety of differentiation capacities. The hematopoi- 
etic stem cell (HSC) giving rise to all blood cell lineages has been known 
to reside in this compartment for many years. However, bone marrow also 
contains mesenchymal stem cells (MSC) capable of differentiating into 
chondrocytes, osteoblasts, and other connective tissue cell types (Pereira 
et al. 1995, 1998; Kopen et al. 1999; Pittenger et al. 1999; Chapter 16). 
Although HSCs are nonadherent, MSCs adhere to plastic dishes in tissue 
culture and can be expanded there. A population of primitive, nonadher- 
ent cells characterized by their ability to expel the DNA-staining Hoechst 
dye can give rise to both muscle and hematopoietic cells (Gussoni et al. 
1999; Jackson et al. 1999). Thus, adult bone marrow produces a variety 
of tissue types of mesodermal origin. Petersen et al. (1999) first suggest- 
ed that bone marrow also contained epithelial precursors. Cross-sex or 
cross-strain bone marrow and whole liver transplantation were used to 
trace the origin of the repopulating liver cells. Transplanted rats were 
treated with 2-acetylaminofluorene, to block hepatocyte proliferation, and 
then hepatocyte injury to induce oval cell proliferation. Markers for Y 
chromosome, dipeptidyl peptidase IV enzyme, and L21-6 antigen were 
used to identify liver cells of bone marrow origin, and a proportion of the 
regenerated hepatocytes were shown to be donor-derived. Next, Theise et 
al. (2000a) showed that bone marrow-derived hepatocytes also exist in the 
mouse and that oval cell induction was not required for this phenomenon. 
Female mice that had received lethal irradiation and bone marrow trans- 
plantation from a male donor displayed 1—-2% Y-chromosome-positive 
epithelial cells in their livers. Most recently, two reports demonstrated 
that donor-derived epithelial cells are also present in human patients who 
have undergone a gender-mismatched bone marrow transplantation 
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(Alison et al. 2000; Theise et al. 2000b). In all these studies, the epithe- 
lial nature of the cells was demonstrated morphologically and by the 
expression of hepatocyte-specific markers. The nature of the bone mar- 
row cell responsible for repopulation was not shown (adherent versus 
nonadherent, etc.). 

Most recently, the FAH mutant model has been utilized to identify the 
nature of the bone marrow-derived hepatocyte precursor. Cell-sorting 
experiments and transplantation of purified hematopoietic stem cells of 
the KTLS phenotype (c-kit™?"Thy'°Lin™Sca-1*) at limiting dilution 
showed that the primitive HSC is also capable of giving rise to hepato- 
cytes (Lagasse et al. 2000). HSC not only gave rise to cells morphologi- 
cally similar to hepatocytes, but also formed repopulation nodules and 
resulted in extensive organ reconstitution. 

Thus, it now has been shown that the population of primitive bone 
marrow cells with the KLTS phenotype contains both hematopoietic and 
hepatocyte precursors. Although it seems likely, it has not yet been for- 
mally shown that the same clonal precursor is responsible for both lin- 
eages. The physiologic significance of bone marrow-derived hepatocytes 
in the response to liver injury is not known at this time. However, it is pos- 
sible that circulating hepatocyte precursors are an important contributor 
to progenitor-dependent liver regeneration. 


Neurosphere-derived Liver Precursors 


In the mouse, neuronal stem cells cultured in neurospheres can give rise 
to many different cell lineages (Bjornson et al. 1999). Cultured neu- 
rospheres can effect repopulation of the hematopoietic system after trans- 
plantation (Bjornson et al. 1999). More recently, cultured neurospheres 
were injected into the blastocyst of a recipient embryo. Upon analysis of 
adult mice derived from such injections, the donor cells were found in 
many different tissues, including liver. Donor-derived cells were thought 
to express the hepatocyte phenotype (Clarke et al. 2000). 


IN VITRO MODELS OF HEPATIC STEM CELLS 


Several in vitro models for hepatic stem cell growth and differentiation 
have been developed. Putative liver progenitors from several mam- 
malian species, including mouse, rat, pig, and human, have been isolat- 
ed and propagated in primary tissue culture. In addition, immortal cell 
“liver progenitor” lines have been developed. Generally speaking, in 
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vitro culture of liver progenitor cells is based on the growth of epithelial 
cells that are liver-derived but express either no hepatocyte markers or 
markers of both bile duct epithelium and hepatocytes. These in vitro sys- 
tems have both medical and scientific goals. The medical purpose is to 
generate large numbers of hepatocytes in vitro for therapeutic trans- 
plantation. The scientific aims are to understand the factors that control 
the differentiation of these cells into hepatocytes and biliary duct epithe- 
lium. To date, the only cell lines that have had documented therapeutic 
effects have been cell lines or primary cultures derived from hepatocytes 
themselves (Gupta and Chowdhury 1994; Fox et al. 1995; Kobayashi et 
al. 2000a,b). Despite the availability of a variety of good in vitro model 
systems, surprisingly little is known about the molecular mechanisms 
that govern the transition of progenitor cells to hepatocytes and/or bile 
duct epithelium. 

A complete review of in vitro systems is beyond the scope of this 
chapter. However, the most important in vitro systems are briefly 
described below. 


Rat Cell Lines 
WB-344 Cells 


This cell line was clonogenically derived from non-parenchymal rat liver 
cells (Grisham 1980) and is probably the most intensely studied liver stem 
cell line (Coleman et al. 1993, 1997; Dees and Travis 1996; Grisham and 
Coleman 1996). WB3-44 cells are likely derived from canal of Hering 
cells (Grisham 1980). Although WB-344 cells can be cultured indefinite- 
ly in vitro, they retain the ability to differentiate into morphologically nor- 
mal hepatocytes after transplantation without forming tumors (Coleman 
et al. 1997). To date, WB-344 cells are the only cells to fulfill this strin- 
gent criterion necessary to represent a true liver stem cell line. 
Nonetheless, little is known about the molecular mechanisms regulating 
the stem cell-to-hepatocyte transition, and liver repopulation with this cell 
line has not yet been reported. 


Oval Cell Lines 


Multiple laboratories have isolated oval cell lines from carcinogen treat- 
ed rats (Sells et al. 1981; Yoshimura et al. 1983; Braun et al. 1988; Pack 
et al. 1993). Consistent with the proposed role of oval cells in the forma- 
tion of hepatocarcinoma, these cell lines form tumors upon transplanta- 
tion into immunodeficient recipients. The isolation, culture, and trans- 
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plantation of these cells has been well reviewed (Sirica et al. 1990). 
Although the phenotypic properties of these cell lines have been 
described in great detail, the molecular mechanisms regulating phenotyp- 
ic transitions are not well understood. 


Mouse Cell Lines 


Although it is normally difficult to establish permanent cell lines from 
mouse liver, such lines can be established routinely from transgenic mice 
that overexpress a constitutively active form of c-met (Amicone et al. 
1997; Spagnoli et al. 1998). Two morphologically distinct types of cells 
emerge from such cultures, both of which grow extensively in culture 
under certain media conditions, but can be induced to differentiate with 
the appropriate signals. Clonal cell lines with “epithelial” morphology 
resemble hepatocytes and give rise to only hepatocyte-like offspring. In 
contrast, “palmate” clones can give rise to two distinct lineages, depend- 
ing on the differentiation conditions used. Some general conditions that 
can cause differentiation of palmate cells in either direction have been 
discovered. Acidic FGF or DMSO induces hepatocytic differentiation, 
whereas culture in matrigel induced the formation of bile-duct-like struc- 
tures (Spagnoli et al. 1998). In vivo transplantation and differentiation of 
these cells has not yet been reported. 

HBC-3 cells are a novel bipotential cell line derived from day-9.5 
mouse embryonic liver (Rogler 1997; Ott et al. 1999). This clonal cell line 
can be induced to differentiate into hepatocytes by DMSO or sodium 
butyrate (Rogler 1997). Again, matrigel induces the formation of duct 
structures, but the details of the differentiation process are not understood 
at the molecular level. 


Pig Cell Lines 


An interesting cell line was established from cultured pig epiblast (Talbot 
et al. 1993, 1994, 1996). PICM-19 cells are bipotential, similar to the 
murine cell lines reported above. In contrast to other cell lines, however, 
PICM-19 cells were derived from a very early embryo prior to the for- 
mation of a liver primordium (Talbot et al. 1993). 


Human Cell Lines 


Only a single human cell line, AKN-1, which may have liver progenitor 
characteristics, has been described (Nussler et al. 1999). 
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CONCLUDING REMARKS 


The liver is one of the few organs amenable to repopulation by transplant- 
ed cells. Therefore, the subject of liver stem cells is not only of scientific, 
but also of medical, interest. Current evidence shows that both endogenous 
liver regeneration and repopulation by transplanted, exogenous cells can be 
effected by more than one cell type. Hepatocytes themselves have a very 
high capacity for cell division and can be considered unipotential stem 
cells, which are used for most tissue repair. In addition, however, faculta- 
tive liver stem cells distinct from hepatocytes exist and are important in the 
response to some forms of liver injury. Hepatocyte progenitors have been 
found in the liver itself, in the pancreas, and most recently in bone marrow. 
It is unclear whether these are distinct cell types or whether the same cell 
has been isolated from several different anatomical locations. It also has 
not yet been conclusively shown in vivo that hepatocyte precursors can dif- 
ferentiate into bile duct epithelium. Oval cells can be viewed as commit- 
ted progenitors, a transitional phenotype between self-renewing stem cells 
and differentiated hepatocytes. Figure 6 depicts our current knowledge 
about lineage relationships of hepatocytes during embryogenesis and adult 
life. The molecular mechanisms controlling the phenotypic transitions are 
not well understood and will be the subject of future research. 
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Figure 6 Hepatic lineage relationships in adult and embryonic animals. Solid 
arrows indicate the differentiation of one cell type into another. Dashed lines 
mark possible but not proven relationships. 
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B-CELL LOSS: A TERMINAL PROCESS 


Insulin-dependent, or type I, diabetes mellitus (IDDM) is a devastating 
disease in which affected individuals depend on daily injections of exoge- 
nous insulin for regulation of glucose homeostasis and survival. The life- 
time dependency on insulin invariably leads to a variety of debilitating 
complications that threaten quality of life and significantly shorten life 
expectancy of IDDM patients. Insulin-producing cells in the pancreatic 
islets of Langerhans are the targets for selective inflammatory destruction 
in IDDM. This loss of the pancreatic islets is a terminal process, since the 
pancreas lacks any significant ability to regenerate insulin-producing 
cells. Indeed, pancreatic islet cells have a very low rate of growth in 
adults, and knowledge of the factors that regulate islet growth is lacking. 
Increased knowledge of islet stem cells and potential islet regeneration 
could allow critical advances in the development of new therapies for 
IDDM. Knowledge regarding pancreatic stem cells has grown dramati- 
cally in recent years, but continued progress is still hampered by the lack 
of in vitro and in vivo assay systems for stem cell activity and function. 
In this review, we focus on pancreatic stem cells during morphogenesis 
and regeneration, as well as on the molecular markers associated with 
these cells. 


ONTOGENY OF PANCREATIC ENDOCRINE CELLS 


During embryogenesis, the pancreas arises from the foregut, initially as 
two distinct bulges on either side of the duodenum, termed the dorsal and 
ventral buds (for review, see Slack 1995). The two buds grow indepen- 
dently, with both endocrine and exocrine tissue components present in 
each bud. As development proceeds, the stomach and duodenum rotate, 
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bringing the two buds into contact, at which point they fuse to form the 
pancreas. Endocrine cells in the pancreas are organized into clusters of 
cells referred to as the islets of Langerhans. The endocrine cells develop 
from the pancreatic ducts, and stem cells responsible for endocrine cell 
formation are thought to reside in the fetal pancreatic ducts (Pictet and 
Rutter 1972; Pictet et al. 1972; Githens 1988). The neogenesis of islets 
from duct epithelial cells occurs during normal embryonic development 
and in very early postnatal life. By 2 to 3 weeks of age, the pancreatic 
islets are well defined and distinct from duct structures, as they are in the 
adult mouse. From this point on, endocrine cells are not observed in the 
ducts, and the mitotic index of duct and islet cells is very low (Githens 
1988). Therefore, following the early postnatal period, the normal devel- 
opmental process that generates islets ceases. Islet growth and the main- 
tenance of islet mass are under strict regulatory controls (for review, see 
Hellerstrom and Swenne 1985; Hellerstrom et al. 1988). Thus, little if any 
stem cell activity is observed in the normal adult pancreas. 

Endocrine gene expression occurs prior to the appearance of the pan- 
creatic diverticulum during pancreatic organogenesis (Gittes and Rutter 
1992). All four endocrine cell types are thought to arise through progres- 
sive differentiation from a common pluripotent stem cell (Alpert et al. 
1988; for review, see Peshavaria and Stein 1997). The endocrine cells first 
appear as single cells in the duct wall (Dubois 1975). These cells migrate 
to form clusters, which grow and become islets during the course of pan- 
creatic development. The glucagon-secreting © cells are typically the first 
endocrine cell type observed during normal ontogeny (Rall et al. 1973). 
However, the earliest emergence of this endocrine cell type is controver- 
sial. In some studies insulin- (B cells), somatostatin- (6 cells), or pancre- 
atic polypeptide-secreting cells (PP cells) are observed prior to or coinci- 
dental with the appearance of o cells (Adesanya et al.1966; Clark and 
Rutter 1972). 

During endocrine cell formation, cells producing more than one hor- 
mone are often observed, with cells producing glucagon and insulin aris- 
ing first (Alpert 1988; Herrera et al. 1991; de Krijger et al. 1992; Gittes 
and Rutter 1992; Teitelman 1993). The identification of multiple hor- 
mone-expressing cells in the pancreatic ducts during development, as 
well as in many pancreatic endocrine tumors, has led to the proposal that 
these multi-hormone-bearing cells represent a transient phase during the 
differentiation of endocrine cell precursors to the single hormone- 
expressing phenotype found in mature endocrine cells. However, the 
derivation of endocrine cell types is not well defined, and controversy 
remains as to whether or not multi-hormone-expressing cells represent 
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true transitional cell types during endocrine cell formation (Herrera et al. 
1994; Pang et al. 1994; Jensen et al. 2000a). 

As described above, the pancreas arises from the outpouching of the 
gut endoderm in the region of the duodenum during development. 
However, heterotopic formation of pancreatic tissue, including mature 
endocrine cells, can arise from other regions of the gut endoderm, includ- 
ing the stomach and additional regions of the small intestine (de Castro 
Barbosa et al. 1946; Dolan et al. 1974). Recent studies in chicks have 
revealed that inhibition of the intercellular signaling protein Sonic hedge- 
hog (SHH) promotes heterotopic formation of pancreatic tissue from 
regions of the stomach and duodenum (Kim and Melton 1998). Thus, in 
addition to “pancreatic stem cells” in the region of posterior foregut 
evagination that normally forms the pancreas, other cells of similar 
embryonic derivation indeed have the capacity to form pancreatic cells. 


PANCREATIC ISLET REGROWTH AND REGENERATION 


In general, adult pancreatic B cells are known to have a poor growth 
capacity (Lazarow 1952) and, in pathogenic states where islet destruction 
occurs, such as IDDM, regeneration is not detected. In animal models of 
IDDM, such as the non-obese diabetic (NOD) mouse or the biological 
breeding (BB) rat, where the islet cells are lost by presumed immunolog- 
ical mechanisms, islet regeneration is not observed (Like 1985). 
Furthermore, streptozotocin (Sz) injection of adult rats, which results in 
destruction of B cells and produces a diabetic condition, does not induce 
islet regeneration (Steiner et al. 1970; Logothetopoulos 1972). However, 
under certain conditions of pancreatic regeneration, new islet cells can 
arise postnatally and later in adult life. For example, limited islet regen- 
eration has been reported under several experimental conditions, such as 
after partial pancreatectomy of young rats (Setalo et al. 1972; Bonner- 
Weir et al. 1981, 1983). In this case, new islets have been shown to dif- 
ferentiate from ductal epithelium, recapitulating islet formation during 
embryogenesis and suggesting that stem cells in the adult pancreas can be 
activated during regeneration (Bonner-Weir et al. 1993). Some islet cell 
regeneration has also been reported following ligation of pancreatic arter- 
ies (Adams and Harrison 1953), in steroid diabetes (Kern and 
Logothetopoulos 1970), following injection of insulin antibody 
(Logothetopoulos and Bell 1966), after alloxan administration (Johnson 
1950; Hughes 1956; House 1958; Bunnag et al. 1967; Boquist 1968; 
Korcakova 1971; Jacob 1977), and after cellophane wrapping (Rosenberg 
and Vinik 1989). The most impressive regeneration can be found in new- 
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born and neonatal animals following islet destruction. Thus, studies have 
shown that after treatment of newborn rats with Sz, the pancreas is able 
to repair itself, and new islet formation is observed (Portha et al. 1974, 
1979; Cantenys et al. 1981; Dutrillaux et al. 1982). 

New islet cells are thought to arise through two distinct processes. 
One mechanism involves the regeneration of islets through division of 
existing terminally differentiated islet cells. A second mechanism 
involves the differentiation of new islet cells from stem cells residing in 
the pancreatic ducts. In the latter case, quiescent stem cells in the adult 
are thought to be “reactivated” under particular conditions of regenera- 
tion, leading to new endocrine cell and islet formation. Clearly, much 
work needs to be done to define the precise factors ultimately responsible 
for the induction of stem cell activity during pancreatic regeneration. 

Transdifferentiation of pancreatic cells to nonpancreatic cell types is 
also found under certain conditions, highlighting the plasticity of the pan- 
creatic cell phenotype (Rao et al. 1986, 1989, 1990; Reddy et al. 1991). 
In the db/db mouse, proliferating duct cells give rise to ciliated cells, 
mucous or Paneth secretory cells (Like and Chick 1970a,b). In addition, 
there are instances of human pancreatic metaplasia in which well-differ- 
entiated goblet cells (Walters 1965) and other mucous cells (Oertel 1989) 
have been reported to have a ductal origin. In rats, hepatocytes develop in 
the pancreas after maintenance of the animals on a copper-deficient diet, 
apparently arising from ductal and interstitial pancreatic cells (Scarpelli 
and Rao 1981; Rao et al. 1989). Additionally, pancreatic hepatocytes are 
found in a number of other models of experimental destruction of the 
exocrine pancreas (Sirica 1995). These latter two observations suggest a 
possible common stem cell, or at least the potential for plasticity between 
these two terminally differentiated cell types, implying they may share a 
closely connected lineage. 


EXPERIMENTAL MODELS OF £-CELL LOSS AND 
REPOPULATION OF PANCREATIC ISLETS 


Many transgenic mouse models for studying IDDM have been described 
previously (Sarvetnick et al. 1988; Lund et al. 1990; Oldstone et al. 1991; 
Allison et al. 1992; Heath et al. 1992). These transgenic mice have, to dif- 
ferent degrees, been successful in duplicating various stages of human 
IDDM and have provided valuable tools for elucidating mechanisms that 
lead to IDDM. Clearly, the ability of pancreatic stem cells to reactivate 
islet development in the adult would provide a powerful basis for treat- 
ment of IDDM. However, regeneration of islet cells has not been report- 
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ed among these many transgenic mouse strains, with the exception of a 
report describing expression of the tumor necrosis factor (TNFa) trans- 
gene under control of the insulin promoter (Higuchi et al. 1992). In this 
case, expression of TNFa caused insulitis, disorganization of islet struc- 
ture, and proliferation of pancreatic ductules; little regeneration of 
endocrine cells was observed. 

We have developed a unique model system in which new pancreatic 
growth and islet formation are clearly evident throughout adult life 
(Sarvetnick et al. 1988; Gu and Sarvetnick 1993; Gu et al. 1994). These 
Ins-IFNy mice, who express IFNy in the B cells of the pancreatic islets, 
display unusually high proliferative activity in ductal epithelial cells. We 
have demonstrated that new endocrine cells derive from pancreatic ducts 
in these transgenic mice, suggesting that a well-defined and functional 
stem cell population exists in the ducts of the Ins-IFNy mice (Gu et al. 
1994). Much of our work has since focused on further defining the stem 
cell population active in these mice. 

The regeneration and differentiation observed in the Ins-IFNy mouse 
is very aggressive, with cells showing substantially higher mitotic indices 
than are normally found in the pancreatic ducts (Gu and Sarvetnick 
1993). Interestingly, the pancreases of these mice also display ductal 
hyperplasia and destruction of islets by infiltrating lymphocytes, charac- 
teristic of that seen in type I diabetes mouse models. The most intriguing 
phenotype of these mice is the balance between regeneration of “new” 
islets and the destruction of the preexisting islets in the acinar tissue. The 
newly formed islets bud into the lumen of the ducts, where they are pro- 
tected from infiltration and destruction. The aggressive expansion of 
ducts, and the continuous formation of new endocrine cells in the pan- 
creas during adult life, are important characteristics of the remarkable 
regrowth occurring in the transgenic pancreas. In these animals, new islet 
cells are formed continuously from duct cells, without a requirement for 
T cells, B cells, or macrophages. 

On the basis of the expression of endocrine, exocrine, and duct cell 
markers, endocrine cells are thought to derive from duct cells in the Ins- 
IFNy mouse through a defined pathway involving a number of transition- 
al cell types, including those bearing a multi-hormone-expressing pheno- 
type (Gu et al. 1994). In addition, we have recently demonstrated the 
expression of a number of molecules known to be critical for normal pan- 
creatic development in the ducts of the Ins-IFNy transgenic mouse (see 
below), including PDX-1, HNF38, Isl-1, and Pax-6 (Kritzik et al. 1999, 
2000). The striking expression of PDX-1 in the pancreatic ducts of the 
transgenic mouse is illustrated in Figure |. As seen in this figure, signif- 
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icant PDX-1 expression is detected in the ducts of the transgenic but not 
the nontransgenic mouse. We believe that these PDX-1-expressing ductal 
cells represent endocrine precursor cells from which new islets derive. 
Comparison in this case is also made with insulin expression, which is 
also observed, albeit to a lesser extent than PDX-1, in the ducts of the 
transgenic mouse. Thus, two distinct populations of PDX-1-expressing 
cells are observed: one population expressing only PDX-1 and one popu- 
lation expressing both PDX-1 and insulin. These data lead us to speculate 
that those cells expressing PDX-1 but not insulin represent an earlier pre- 
cursor cell type than those synthesizing both PDX-1 and insulin. 

There are a number of similarities between new islet formation dur- 
ing development and IFNy-mediated pancreatic regeneration. These sim- 
ilarities include the derivation of new endocrine cells from ductal cells, 
the presence of multi-hormone-expressing cells in the pancreatic ducts, 
and the ductal expression of relevant molecules such as PDX-1 and Isl-1 
during both processes. These similarities suggest that new endocrine cell 
formation likely proceeds through similar pathways in both these process- 


a Ls = - 
Figure 1 PDX-1 immunostaining in the IFNy transgenic pancreas. Serial pancre- 
atic sections from an adult IFNy transgenic mouse (A, B) and an adult nontrans- 
genic mouse (C, D) were stained with antibody to either PDX-1 (A, C) or insulin 
(B, D). Note the presence of both insulin-positive and insulin-negative PDX-1- 
expressing ductal cells. Magnification 50x. (Reprinted, with permission, from 
Kritzik et al. 1999 [© Society for Endocrinology].) 


Pancreatic Stem Cells 505 


es, with new endocrine cells arising from stem cells residing in the pan- 
creatic ducts. Thus, the IFNy transgenic mouse provides a valuable sys- 
tem for further analysis and characterization of endocrine stem cells. 
However, it is important to note that the differentiation of pancreatic islets 
in this model may not be exactly identical to that which occurs during 
ontogeny. Indeed, it is possible that there is more than one type of islet 
stem cell and more than one developmental lineage for the differentiation 
of mature islet cells. For example, Gittes and colleagues have demon- 
strated that isolated pancreatic epithelium grown under the renal capsule 
forms pure clusters of mature islets, without any acinar or ductal compo- 
nents (Gittes et al. 1996). This contrasts with a number of other studies 
indicating that islets arise from ducts, and it suggests that there might be 
alternate pathways leading to the formation of mature islets. 


STEM CELL-ASSOCIATED MARKERS 


The field of pancreatic islet cell ontogeny enjoyed comparative solitude 
until the fascinating discovery that factors regulating insulin transcription 
were required for the differentiation of the mature pancreas. This and 
related discoveries have fueled the rapid expansion of the pancreas 
ontogeny field, the discovery of a variety of potential islet stem cells, and 
new theories on the ontogeny of mature islet cells. Indeed, several pro- 
teins associated with pancreatic stem cells have been defined, and studies 
have shown that a number of transcription factors are important in pan- 
creas differentiation (for review, see Sander and German 1997; Edlund 
1998). Significantly, the homeodomain protein PDX-1, which is impor- 
tant in regulating insulin gene expression, plays a critical role in the 
development of endocrine and exocrine compartments of the pancreas. In 
mice genetically deficient for the PDX-1 gene, no pancreas develops 
(Ohlsson et al. 1993; Jonsson 1994; Offield et al. 1996). HNF3 is an 
important regulator of PDX-1 gene transcription in the pancreas and is 
required for endodermal cell lineage development (Zaret 1996; Wu et al. 
1997). The exact role of HNF3f in pancreatic islet development has not 
been resolved, since mice lacking this transcription factor die early in 
embryogenesis, but given the importance of this molecule in PDX-1 gene 
expression, HNF3f may be critical for this process as well (Ang et al. 
1993; Weinstein et al. 1994). We have recently demonstrated striking 
expression of HNF3f in the ducts of the IFNy transgenic mouse, sug- 
gesting a role for this molecule during endocrine cell formation (Kritzik 
2000). Studies using knockout mice have also shown that Isl-1 is required 
for the differentiation of islet cells (Ahlgren et al. 1997). Interestingly, 
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although the dorsal bud does not develop in Isl-1-deficient mice, the ven- 
tral bud does form. However, endocrine cells, but not exocrine cells, are 
lacking in the ventral bud. Thus, whereas Isl-1 clearly contributes to 
endocrine cell formation, its expression is also important for development 
of exocrine tissue in the dorsal bud. 

Two other homeodomain proteins, PAX 4 and PAX 6, are expressed in 
the embryonic gut and the adult pancreas as well. Interestingly, gene dele- 
tion studies have demonstrated that mature endocrine cells do not develop 
in the absence of PAX 4 and PAX 6. PAX 4 is essential for the generation 
of insulin-producing B cells and somatostatin-producing 6 cells (Sosa- 
Pineda et al. 1997), whereas PAX 6 is required for the differentiation of 
glucagon-producing a cells (St-Onge et al. 1997). Analysis of mutants 
lacking Nkx2.2 has demonstrated a role for this homeobox transcription 
factor in the development of pancreatic B cells as well (Sussel et al. 1998). 

A number of basic helix-loop-helix (bHLH) proteins have also been 
implicated in endocrine cell development. For example, neurogenin 3 
(Ngn3), a bHLH transcription factor, has recently been shown to be 
required for the development of all four endocrine cell types (Gradwohl 
et al. 2000). In addition, the bHLH protein BETA2/NeuroD, a transcrip- 
tion factor important in expression of the insulin gene, is involved in 
proper pancreas development. Mice lacking this protein display signifi- 
cantly reduced numbers of B cells. Reduction in the numbers of other islet 
endocrine cell types, as well as defective islet and exocrine tissue mor- 
phology, is also observed in these mice (Naya et al. 1997). Analysis of 
mice deficient in Hes] has also demonstrated a role for this bHLH tran- 
scriptional repressor in maintenance of the pancreatic precursor pool dur- 
ing development (Jensen et al. 2000b). Hes1 has been proposed to inhib- 
it endocrine cell differentiation mediated by Ngn3 (Jensen et al. 2000b). 
In addition, expression of Hes1 is regulated through the Notch signaling 
pathway, which has been implicated in endocrine cell development 
(Apelqvist et al. 1999; Jensen et al. 2000a). Notch signaling is discussed 
in Chapter 3. 

Several other proteins are thought to be associated with pancreatic 
stem cells. For example, studies of the distribution of Nkx 6.1 during 
early development of the rat pancreas suggest that this molecule may be 
important in pancreatic development (Oster et al. 1998). In addition, the 
pancreatic and intestinal hormone peptide YY is thought to be expressed 
by endocrine stem cells during development (Upchurch et al. 1994). Early 
embryonic endocrine cells in the duct wall also transiently express tyro- 
sine hydroxylase (TH), the rate-limiting enzyme of the catecholamine 
biosynthetic pathway, suggesting that this molecule serves as a marker for 
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early endocrine progenitor cells (Teitelman et al. 1981a,b, 1987; 
Teitelman and Lee 1987). In addition, there is a report that acid B-galac- 
tosidase expression, which occurs at significantly higher levels in islet- 
like clusters from the fetal pancreas than in adult islets, might serve as a 
marker for endocrine stem cells as well (Beattie et al. 1994). Glut-2 (glu- 
cose transporter type 2)-expressing cells have also been proposed as stem 
cells in the developing pancreas (Pang et al. 1994). Additionally, 
Bouwens and De Blay (1996) have reported on the expression of CK20, 
vimentin, and Bcl-2 as markers for islet stem cells. We have recently 
found that Msx-2, a homeobox-containing transcription factor involved in 
tissue growth and patterning during the development of diverse organs 
(such as teeth and limb buds), is also expressed at sites of endocrine stem 
cell activity (Davidson 1995; Kritzik et al. 1999). 


DEVELOPMENTAL LINEAGES 


The identification of molecules associated with pancreatic stem cells will 
be valuable in defining intermediate cell types involved in the develop- 
mental progression from multipotent precursor cell to mature endocrine 
cell types. For example, PDX-1, expressed in the early pancreatic pri- 
mordia, prior to the formation of the dorsal and ventral buds, is thought 
to be expressed by the earliest pancreatic stem cells that give rise to both 
endocrine and exocrine tissues. Development of intermediate progenitor 
cell types involves the subsequent expression of molecules such as Ngn3 
and Isl-1 (although not necessarily at the same time; Jensen et al. 2000a), 
which are required for the derivation of all four endocrine cell types. 
Clearly, continued and progressive differentiation of islet cell types would 
involve the specific expression of a number of additional molecules in the 
correct temporal sequence, such as Pax4 (required for B and 4 cell for- 
mation), Pax6 (required for a cell formation), and Nkx2.2 (required for B 
cell formation). 


PERSPECTIVES 


The identification of islet stem cells, the development of new antigenic 
markers for these cells, and the establishment of an assay system to mon- 
itor stem cell activity will be of critical importance in advancing our 
knowledge of pancreatic islet stem cell ontogeny. Such knowledge could 
enable critical advances in the development of new therapies for IDDM, 
a debilitating disease that severely compromises pancreatic function in 
affected individuals. For example, new pancreatic islet cells could be dif- 
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ferentiated from pancreatic stem cells in vitro for B-cell replacement ther- 
apy. In addition, given sufficient knowledge of pancreatic stem cells and 
the factors that influence their growth and differentiation, it is possible 
that administration of the appropriate growth factors could allow the 
induction of new islet cells directly within IDDM patients. The exciting 
progress and ongoing research in the pancreatic stem cell field are criti- 
cal if we are to find an eventual means for achieving these important 
goals. 


REFERENCES 


Adams D.J. and Harrison R.G. 1953. The vascularization of the rat pancreas and the effect 
of ischemia on the islets of Langerhans. J. Anat. 87: 257-267. 

Adesanya T., Grillo I., and Shima K. 1966. Insulin content and enzyme histochemistry of 
the human foetal pancreatic islet. J Endocrinol. 36: 151-158. 

Ahlgren U., Pfaff S.L., Jessell T.M., Edlund T., and Edlund H. 1997. Independent require- 
ment for ISL1 in formation of pancreatic mesenchyme and islet cells. Nature 385: 
257-260. 

Allison J., Malcolm L., Chosich N., and Miller JEA.P. 1992. Inflammation but not 
autoimmunity occurs in transgenic mice expressing constitutive levels of interleukin- 
2 in islet B cells. Eur. J Immunol. 22:1115-1121. 

Alpert S., Hanahan D., and Teitelman G. 1988. Hybrid insulin genes reveal a develop- 
mental lineage for pancreatic endocrine cells and imply a relationship with neurons. 
Cell 53: 295-308. 

Ang S.-L., Wierda A., and Wong D. 1993. The formation and maintenance of the defini- 
tive endoderm lineage in the mouse: Involvement of the HNF3/fork head proteins. 
Development 119: 1301-1315. 

Apelqvist A., Li H., Sommer L., Beatus P., Anderson D.J., Honjo T., Hrabe de Angelis M., 
Lendahl U., and Edlund H. 1999. Notch signalling controls pancreatic cell differentia- 
tion. Nature 400: 877-881. 

Beattie G.M., Levine F., Mally M.I., Otonkoski T., O’Brien J.S., Salomon D.R., and Hayek 
A. 1994. Acid B-galactosidase: A developmentally regulated marker of endocrine cell 
precursors in the human fetal pancreas. J. Clin. Endocrinol. Metab. 78: 1232-1240. 

Bonner-Weir S., Trent D.F, and Weir G.C. 1983. Partial pancreatectomy in the rat and sub- 
sequent defect in glucose-induced insulin release. J. Clin. Invest. 71: 1544-1553. 

Bonner-Weir S., Baxter L.A., Schuppin G.T., and Smith FE. 1993. A second pathway for 
regeneration of adult exocrine and endocrine pancreas. A possible recapitulation of 
embryonic development. Diabetes 42: 1715-1720. 

Bonner-Weir S., Trent D.E, Honey R.N., and Weir G.C. 1981. Responses of neonatal rat 
islets to streptozotocin. Limited B-cell regeneration and hyperglycemia. Diabetes 30: 
64-69. 

Boquist L. 1968. Alloxan administration in the Chinese hamster. II. Ultrastructural study 
of degeneration and subsequent regeneration of the pancreatic islet tissue. Virchows 
Arch. B Cell Pathol. 1: 169-181. 

Bouwens L. and De Blay E. 1996. Islet morphogenesis and stem cell markers in rat pan- 
creas. J. Histochem. Cytochem. 44: 947-951. 


Pancreatic Stem Cells 509 


Bunnag S.C., Warner N.E., and Bunnag S. 1967. Effect of alloxan on the mouse pancreas 
during and after recovery from diabetes. Diabetes 16: 83-89. 

Cantenys D., Portha B., Dutrillaux M.C., Hollande E., Roze C., and Picon L. 1981. 
Histogenesis of the endocrine pancreas in newborn rats after destruction by streptozo- 
tocin. Virchos Arch. B Cell Pathol. 35: 109-122. 

Clark W.R. and Rutter W.J. 1972. Synthesis and accumulation of insulin in the rat fetal 
pancreas. Dev. Biol. 29: 468-481. 

Davidson D. 1995. The function and evolution of Msx genes: Pointers and paradoxes. 
Trends Genet. 11: 405-411. 

de Castro Barbosa J.J., Dockerty M.B., and Waugh J.M. 1946. Pancreatic heterotopia. 
Surg. Gynecol. Obstet. 82: 527-542. 

de Krijger R.R., Aanstoot H.J., Kranenbrug G., Verkerk A., Jongkind J.F, van Strik R., 
Lafferty K.J., and Bruining G.J. 1992. Enrichment of beta cells from the human fetal 
pancreas by fluorescence activated cell sorting with a new monoclonal antibody. 
Diabetologia 35: 426-443. 

Dolan R.V., ReMine W.H., and Dockerty M.B. 1974. The fate of heterotopic pancreatic 
tissue. A study of 212 cases. Arch. Surg. 109: 762-765. 

Dubois P.M. 1975. Evidence for immunoreactive somatostatin in the endocrine cells of 
human foetal pancreas. Nature 256: 731-732. 

Dutrillaux M.C., Portha B., Roze C., and Hollande E. 1982. Ultrastructural study of pan- 
creatic B-cell regeneration in newborn rats after destruction by streptozotocin. 
Virchows Arch. B Cell Pathol. 39: 173-185. 

Edlund H. 1998. Transcribing pancreas. Diabetes 47: 1817-1823. 

Githens S. 1988. The pancreatic duct cell: Proliferative capabilities, specific characteris- 
tics, metaplasia, isolation and culture. J. Pediatr. Gastroenterol. Nutr. 7: 486-506. 
Gittes G.K. and Rutter W.J. 1992. Onset of cell-specific gene expression in the develop- 

ing mouse pancreas. Proc. Natl. Acad. Sci. 89: 1128-1132. 

Gittes G.K., Galante PE., Hanahan D., Rutter W.J., and Debas H.T. 1996. Lineage-specif- 
ic morphogenesis in the developing pancreas: Role of mesenchymal factors. 
Development 122: 439-447. 

Gradwohl G., Dierich A., LeMeur M., and Guillemot F. 2000. Neurogenin 3 is required 
for the development of the four endocrine cell lineages of the pancreas. Proc. Natl. 
Acad. Sci. 97: 1607-1611. 

Gu D.-L. and Sarvetnick N. 1993. Epithelial cell proliferation and islet neogenesis in IFN- 
y transgenic mice. Development 118: 33-46. 

Gu D.-L., Lee M.-S., Krahl T., and Sarvetnick N. 1994. Transitional cells in the regener- 
ating pancreas. Development 120: 1873-1881. 

Heath W.R., Allison J., Hoffman M.W., Schoenrich G., Haemmering G., Arnold B., and 
Miller J.F. 1992. Autoimmune diabetes as a consequence of locally produced inter- 
leukin-2. Nature 359: 547-549. 

Hellerstrom C. and Swenne I. 1985. Growth pattern of pancreatic islets in animals. In The 
diabetic pancreas, 2nd edition (ed. S.W. Volk ), pp. 53-79. Plenum Press, New York. 

Hellerstrom C., Swenne I., and Andersson A. 1988. Islet cell replication and diabetes. In 
The pathology of the endocrine pancreas in diabetes (ed. P.J. Lefebvre), pp. 142-170. 
Springer-Verlag, Berlin. 

Herrera P., Huarte J., Sanvito F., Meda P., Orci L., and Vassalli J.D. 1991. Embryogenesis 
of the murine endocrine pancreas: Early expression of pancreatic polypeptide gene. 
Development 113: 1257-1265. 


510 M.R. Kritzik and N. Sarvetnick 


Herrera P.L., Huarte J., Zufferey R., Nichols A., Mermillod B., Philippe J., Muniesa P., 
Sanvito F., Orci L., and Vassalli J.D. 1994. Ablation of islet endocrine cells by target- 
ed expression of hormone-promoter-driven toxigenes. Proc. Natl. Acad. Sci. 91: 
12999-123003. 

Higuchi Y., Herrera P, Muniesa P., Huarte J., Belin D., Ohashi P., Aichele P., Orci L., 
Vassalli J.-D., and Vassalli P. 1992. Expression of a tumor necrosis factor in murine 
pancreatic B cells results in severe and permanent insulitis without evolution towards 
diabetes. J. Exp. Med. 176: 1719-1731. 

House E.L. 1958. A histological study of the pancreas, liver and kidney both during and 
after recovery from alloxan diabetes. Endocrinology 62: 189-200. 

Hughes H. 1956. An experimental study of regeneration in the islets of Langerhans with 
reference to the theory of balance. Acta Anat. 27: 1-61. 

Jacob S. 1977. Regeneration of the islets of Langerhans in the guinea pig. Cell Tissue Res. 
181: 277-286. 

Jensen J., Heller R.S., Funder-Nielsen T., Pedersen E.E., Lindsell C., Weinmaster G., 
Madsen O.D., and Serup P. 2000a. Independent development of pancreatic a- and B- 
cells from neurogenin3-expressing precursors: A role for the Notch pathway in repres- 
sion of premature differentiation. Diabetes 49: 163-176. 

Jensen J., Pedersen E.E., Galante P., Hald J., Heller R.S., Ishibashi M., Kegeyama R., 
Guillemot F., Serup P., and Madsen O.D. 2000b. Control of endodermal endocrine 
development by Hes-1. Nat. Genet. 24: 36-44. 

Johnson D.D. 1950. Alloxan administration in the guinea pig. A study of regenerative 
phase in the islands of Langerhans. Endocrinology 47: 393-398. 

Jonsson J., Carlsson L., Edlund T., and Edlund H. 1994. Inslulin-promoter-factor 1 is 
required for pancreaas development in mice. Nature 371: 606-609. 

Kern H. and Logothetopolous J. 1970. Steroid diabetes in the guinea pig studies on islet- 
cell ultrastructure and regeneration. Diabetes 19: 145-154. 

Kim S.K. and Melton D.A. 1998. Pancreas development is promoted by cyclopamine, a 
hedgehog signaling inhibitor. Proc. Natl. Acad. Sci. 95: 13036-13041. 

Korcakova L. 1971. Mitotic division and its significance for regeneration of granulated B- 
cells in the islets of Langerhans in alloxan-diabetic rats. Folia Morphol. 14: 24-30. 
Kritzik M.R., Krahl T., Good A., Krakowski M., St.-Onge L., Gruss P., Wright C., and 
Sarvetnick N. 2000. Transcription factor expression during pancreatic islet regenera- 

tion. Mol. Cell. Endocrinol. 164: 99-107. 

Kritzik M.R., Jones E., Chen Z., Krakowski M., Krahl T., Good A., Wright C., Fox H., and 
Sarvetnick N. 1999. PDX-1 and Msx-2 expression in the regenerating and developing 
pancreas. J. Endocrinol. 163: 523-530. 

Lazarow A. 1952. Spontaneous recovery from alloxan diabetes in rats. Diabetes 1: 
363-370. 

Like A.A. 1985. Spontaneous diabetes in animals. In The diabetic pancreas, 2nd edition 
(ed. B.W. Volk), pp. 385-413. Plenum Press, New York. 

Like A.A. and Chick W.L. 1970a. Studies on the diabetic mutant mouse. I. Light 
microscopy and radioautography of pancreatic islets. Diabetologia 6: 207-215. 

Like A.A. and Chick W.L. 1970b. Studies in the diabetic mutant mouse. II. Electron 
microscopy of pancreatic islets. Diabetologia 6: 216-242. 

Logothetopoulos J. 1972. Islet regeneration and neogenesis. In Handbook of Physiology: 
Endocrinology (ed. N. Freinkel), vol. 1, pp. 67-76. Weverly Press, Baltimore, 
Maryland. 


Pancreatic Stem Cells 511 


Logothetopoulos J. and Bell E.A. 1966. Histological and autoradiographic studies of the 
islets of mice injected with insulin antibody. Diabetes 15: 205-211. 

Lund T., O’Reilly L., Hutchings R., Kanagawa W., Simpson E., Gravely R., Chandler P., 
Dyson J., and Edwards A. 1990. Prevention of insulin-dependent diabetes mellitus in 
non-obese diabetic mice by transgenes encoding modified I-A B-chain or normal I-E 
A-chain. Nature 345: 727-729. 

Naya FJ., Huang H.-P, Qui Y., Mutoh H., DeMayo F-.J., Leiter A.B., and Tsai M.-J. 1997. 
Diabetes, defective pancreatic morphogenesis, and abnormal enteroendocrine differ- 
entiation in BETA2/NeuroD-deficient mice. Genes Dev. 11: 2323-2334. 

Oertel J.E. 1989. The pancreas, nonneoplastic alterations. Am. J. Sur. Pathol. 13: 50-65. 

Offield M.F., Jetton T.L., Lobosky P.A., Ray M., Stein R.W., Magnuson M.A., Hogan 
B.L.M., and Wright C.V.E. 1996. PDX-1 is required for development of the pancreas 
and differentiation of the rostral duodenum. Development 371: 983-995. 

Ohlsson H., Karlsson K., and Edlund T. 1993. IPF-1, a homeodomain-containing transac- 
tivator of the insulin gene. EMBO J. 12: 4251-4259. 

Oldstone M.B.A., Nerenberg M., Southern P., Price J., and Lewicke H. 1991. Virus infec- 
tion triggers insulin-dependent diabetes mellitus in a transgenic model: Role of anti- 
self virus immune response. Cell 65: 319-331. 

Oster A., Jensen J., Serup P., Galante P., Madsen O.D., and Larson L.I. 1998. Rat endocrine 
pancreatic development in relation to two homeobox gene products (Pdx-1 and Nkx 
6.1). J. Histochem. Cytochem. 46: 707-715. 

Pang K., Mukonoweshuro C., and Wong G.G. 1994. Beta cells arise from glucose trans- 
porter type 2 Glut2-expressing epithelial cells of the developing rat pancreas. Proc. 
Natl. Acad. Sci. 91: 9559-9563. 

Peshavaria M. and Stein R. 1997. PDX-1: An activator of genes involved in pancreatic 
development and islet gene expression. In Pancreatic growth and regeneration (ed. N. 
Sarvetnick), pp. 96-107. Karger S, Basel, Switzerland. 

Pictet R.L. and Rutter WJ. 1972. Development of the embryonic endocrine pancreas. 
Handbook Physiol. 25-66. 

Pictet R.L., Clark W.R., Williams R.H., and Rutter W.J. 1972. An ultrastructural analysis 
of the developing embryonic pancreas. Dev. Biol. 29: 436-467. 

Portha B., Picon L., and Rosselin G. 1979. Chemical diabetes in the adult rat as the spon- 
taneous evolution of neonatal diabetes. Diabetologia 17: 371-377. 

Portha B., Levacher C., Picon L., and Rosselin G. 1974. Diabetogenic effect of streptozo- 
tocin in the rat during the perinatal period. Diabetes 23: 889-895. 

Rall L.B., Pictet R.L., Williams R.H., and Rutter WJ. 1973. Early differentiation of 
glucagon-producing cells in embryonic pancreas: A possible developmental role for 
glucagon. Proc. Natl. Acad. Sci. 71: 3478-3482. 

Rao MLS., Scarpelli D.G., and Reddy J.K. 1986. Transdifferentiated hepatocytes in rat 
pancreas. Curr. Top. Dev. Biol. 20: 63-78. 

Rao M.S., Yeldandi A.V., and Reddy J.K. 1990. Stem cell potential of ductular and 
periductular cells in the adult rat pancreas. Cell Differ. Dev. 29: 155-163. 

Rao M.S., Dwivedi R.S., Yeidandi A.V., Subbarao V., Tan X., Usman M.I., Thangada S., 
Neimali M.R., Kumar S., Scarpelli D.G., and Reddy J.K. 1989. Role of periductal and 
ductal epithelial cells of the adult rat pancreas in pancreatic hepatocyte lineage: A 
change in the differentiation commitment. Am. J. Pathol. 134: 1069-1086. 

Reddy J.K., Rao M.S., Yeldandi A.V., Tan X., and Dwivedi S. 1991. Pancreatic hepato- 
cytes: An in vivo model for cell lineage in pancreas of adult rat. Dig. Dis. Sci. 36: 


512 M.R. Kritzik and N. Sarvetnick 


502-509. 

Rosenberg L. and Vinik A.I. 1989. Induction of endocrine cell differentiation: A new 
approach to management of diabetes. J Lab. Clin. Med. 114: 75-83. 

Sander M. and German MLS. 1997. The cell transcription factors and development of the 
pancreas. J. Mol. Med. 75: 327-340. 

Sarvetnick N., Liggitt D., Pitts S.L., Hansen S.E., and Stewart T.A. 1988. Insulin-depen- 
dent diabetes mellitus induced in transgenic mice by ectopic expression of class II 
MHC and interferon-y. Cel] 52: 773-782. 

Scarpelli D.G. and Rao M.S. 1981. Differentiation of regenerating pancreatic cells into 
hepatocyte-like cells. Proc. Natl. Acad. Sci. 78: 2577-2581. 

Setalo G., Blatniczky L., and Vigh S. 1972. Development and growth of the islets of 
Langerhans through acino-insular transformation in regenerating rat pancreas. Acta 
Biol. 23: 309-325. 

Sirica A.E. 1995. Ductular hepatocytes. Histol. Histopathol. 10: 433-456. 

Slack J.M.W. 1995. Developmental biology of the pancreas. Development 121: 
1569-1580. 

Sosa-Pineda B., Chowdhury K., Torres M., Oliver G., and Gruss P. 1997. The Pax4 gene 
is essential for differentiation of insulin-producing § cells in the mammalian pancreas. 
Nature 386: 399-402. 

Steiner H., Oelz O., Zahnd G., and Froesch E.R. 1970. Studies on islet cell regeneration, 
hyperplasia and intrainsular cellular interrelations in long lasting streptozotocin dia- 
betes in rats. Diabetologia 6: 558-564. 

St-Onge L., Sosa-Pineda B., Chowdhury K., Mansouri A., and Gruss P. 1997. Pax6 is 
required for differentiation of glucagon-producing alpha-cells in mouse pancreas. 
Nature 387: 406-409. 

Sussel L., Kalamaras J., Hartigan-O’Connor D.J., Meneses J.J, Pedersen R.A., Rubenstein 
J.L., and German M.S. 1998. Mice lacking the homeodomain transcription factor 
Nkx2.2 have diabetes due to arrested differentiation of pancreatic B cells. Development 
125: 2213-2221. 

Teitelman G. 1993. On the origin of pancreatic endocrine cells, proliferation and neoplas- 
tic transformation. Tumor Biol. 14: 167-173. 

Teitelman G. and Lee J.K. 1987. Cell lineage analysis of pancreatic islet cell development: 
Glucose and insulin cells arise from catecholaminergic precursors present in the pan- 
creatic duct. Dev. Biol. 121: 454-466. 

Teitelman G., Jon T. H., and Reis D.J. 1981a. Transformation of catecholaminergic pre- 
cursors into glucagon (A) cells in mouse embryonic pancreas. Proc. Natl. Acad. Sci. 
78: 5225-5229. 

. 1981b. Linkage of the brain-skin-gut axis: Islet cells originate from dopaminer- 
gic precursors. Peptides 2: 157-168. 

Teitelman G., Lee J., and Reis D.J. 1987. Differentiation of prospective mouse pancreatic 
islet cells during development in vitro and during regeneration. Dev. Biol. 120: 
425-433. 

Upchurch B.H., Aponte G.W., and Leiter A.B. 1994. Expression of peptide YY in all four 
islet cell types in the developing mouse pancreas suggests a common peptide Y Y-pro- 
ducing progenitor. Development 120: 245-252. 

Walters M.N.I. 1965. Goblet-cell metaplasia in ductules and acini of the exocrine pan- 
creas. J. Pathol. Bacteriol. 89: 569-572. 

Weinstein D.C., Ruiz I., Altaba A., Chen WS., Hoodless P., Prezioso V.R., Jessell T.M., 


Pancreatic Stem Cells 513 


and Darnell Jr., JE. 1994. The winged-helix transcription factor HNF-3B is required 
for notochord development in the mouse embryo. Cell 78: 575-599. 

Wu K., Gannon M., Peshavaria M., Offield M.F., Henderson E., Ray M., Marks A., Gamer 
L.W., Wright C.V.E., and Stein R. 1997. Hepatocyte nuclear factor 3B is involved in 
pancreatic B-cell-specific transcription of the pdx-1 gene. Mol. Cell. Biol. 17: 
6002-6013. 

Zaret K.S. 1996. Molecular genetics of early liver development. Annu. Rev. Physiol. 58: 
231-251. 


22 


Stem Cells in the Epithelium of the 
Small Intestine and Colon 


Douglas J. Winton 


CRC Department of Oncology 
Cambridge Institute for Medical Research 
University of Cambridge 

Cambridge CB2 2XY, United Kingdom 


The inner lining of the colon and small intestine is a simple columnar 
epithelium that is constantly renewed by cellular migration from pockets 
of proliferative activity or crypts. Small intestinal cells leave the crypt 
and migrate onto villi that protrude into the gut lumen. Only at the point 
of exit from the crypt do villus epithelial cells become fully mature with 
respect to biochemical markers of differentiation. These cells are princi- 
pally epithelial columnar cells, goblet cells, and enteroendocrine cells. 
Within the crypt, immature proliferative forms are morphologically iden- 
tifiable as being precursors to these mature cell types. Near the crypt 
base, immature cells lacking the morphological characteristics of mature 
types are found and coexist with a fourth differentiated cell type, the 
Paneth cell (Fig. 1). These features present as a gradient with progres- 
sively higher positions being associated with a more developed morpho- 
logical appearance. Cell kinetic experiments have determined the cycling 
characteristics of epithelial cells within the crypt, the time of appearance 
of identifiable differentiated cells from proliferative precursors, and the 
turnover times of crypt and villus populations. Studies of this kind, in 
both small intestine and colon, analyzed as a function of cellular position 
within the crypt (from position 1 at the crypt base), have led to the cen- 
tral tenet of gut stem cell biology: that cells originate from, and therefore 
stem cells reside near, the crypt base (Fig. 2). Proliferating cells at high- 
er locations in the crypt may have the potential to divide 1, 2, 3, 4, and 
possibly 5 or 6 times, with the actual number being determined by dis- 
tance from the crypt base stem cell pool. Consequently, these cells are an 
amplifying transit population capable of up to 6 transit divisions. Many 
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Figure 1 Schematic representation showing clockwise, from top, the relationship 
between small intestinal villi and crypts; the organization of crypts into discrete 
functional compartments with the likely cellular (pericryptal fibroblasts) and 
extracellular (extracellular matrix [ECM] and basement membrane [BM]) regu- 
lators of epithelial function; the four principal intestinal cell types. Fully mature 
and nonproliferative enteroendocrine, mucous (goblet), and columnar cells are 
located in the villus epithelium, whereas Paneth cells share the same distribution 
in the crypt base as undifferentiated columnar (presumptive stem) cells. 


aspects of gut biology support the concept of a graded change with pro- 
gressive loss of proliferative and regenerative potential accompanying the 
acquisition of a differentiated phenotype (for review, see Potten et al. 
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Figure 2 Location of the region of cellular genesis in colon and small intestine 
by cell migration velocity plotted as a function of cell position in the crypt. 
Following treatment with [*H]thymidine, the rate of migration of percentiles of 
radiolabeled cells can be measured. In colon (upper plot) the solid line is based 
on the best fit to actual data points and indicates that cellular genesis originates 
in the very base of the crypt. For small intestine (Jower plot), extrapolation (dot- 
ted line) is required from cell position 8 to indicate a region of cellular genesis at 
or below position 4. 


1997). This organization creates tremendous opportunities to analyze 
pathways of differentiation and to examine the consequences of perturba- 
tion within proliferating populations, for example, by manipulating sig- 
naling or adhesion molecules. In terms of stem cell biology, there is a 
down side. No cell-specific markers have yet been identified to permit the 
isolation and characterization of intestinal stem cells. Furthermore, no 
truly robust tissue culture method yet allows the primary culture of the 
intestinal epithelium to explore colony forming potential, pluripotentiali- 
ty, and long-term versus short-term growth. Hence, intestinal stem cells 
are never analyzed in functional assays and there is an undue reliance on 
determining the characteristics and behavior of cells based on their topo- 
graphical distribution. 


CRYPT STEM CELL NUMBER 


A cross-section of flask-shaped crypts identifies a circumference occu- 
pied by about 16 cells. At cell position 4, indicated as the approximate 
location of the stem cells in small intestine (Fig. 2), many of the cells 
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around the circumference would be Paneth cells. On functional grounds 
it has been argued that in a column of cells stretching from the crypt base, 
any resident stem cell would reside above the highest Paneth cell position 
and could therefore occupy any position between 2 and 7 (Potten et al. 
1997). If this argument is questioned, an additional 10 or so undifferenti- 
ated columnar cells are mixed with the Paneth cells. Thus, the number of 
undifferentiated crypt base columnar cells available to contain the stem 
cell population is in the range of 20-30 per crypt with 16 in an “undulat- 
ing annulus” centered on cell position 4 and the remainder mixed with 
Paneth cells. Integration of cell kinetic data within a mathematical simu- 
lation (which assumes the annulus model) suggests that around 4-6 stem 
cells per crypt could most easily maintain the epithelium. 

Other evidence comes from clonality studies in which clones of 
marked cells are induced following mutagen exposure. Mutation affects 
one allele of a polymorphic locus. Two detection systems have been used 
extensively. One involves loss of lectin-binding ability for Dolichos 
biflorus agglutinin (DBA) following mutation of the D/b-/° allele 
(Dolichos Jectin-binding locus) which in D/b-1'/DIb-1% heterozygous 
mice determines the expression of the lectin-binding site in intestinal 
epithelia (Winton et al. 1988). The other clonal marker involves detection 
of loss of glucose 6-phosphate dehydrogenase (G6PD) activity in mice 
functionally hemizygous for a wild-type G6PD allele (Griffiths et al. 
1988). Such hemizygosity arises in male mice or in females homozygous 
for the wild-type allele after X-inactivation. These studies demonstrate 
that with time following chemical mutagenesis, intra-crypt epithelial 
clones are first detected, and subsequently, whole mutant crypts. In the 
small intestine, the Dib-1 assay indicates that the time taken for such 
monoclonal crypts to appear is up to 8—12 weeks, whereas in the colon 
using the G6PD assay the equivalent time is around 4 weeks (Winton and 
Ponder 1990; Williams et al. 1992). The differences between the two tis- 
sues are probably real, but direct comparison is impossible due to the dif- 
ferences in the mutagens used and the likely cytotoxic effects (Winton 
1993). 

In mice, the total transit time of cells from crypt base to villus tip is 
around 5 days. Analysis of D/b-1 mutant clones at 10 days (and therefore 
assaying a progenitor population from within the stem cell region of the 
crypt) demonstrates that the vertical clones of mutant cells present on the 
villus epithelium following migration from the crypt are some 2 cells 
wide (Winton 1997). This equates to 20-25% of the average cellular out- 
put of the crypt and indicates that 4-5 stem cells per crypt have survived 
mutagenesis. Similar numbers are indicated by a gain-of-function version 
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of the D/b-/ assay (Bjerknes and Cheng 1999). For the colon, the estimate 
is 2-3 stem cells (Williams et al. 1992). Whether the cell death induced 
by mutagen exposure makes this calculation an underestimate is not 
known at present. These results indicate that there is a mechanism where- 
by several stem cells in each crypt are supplanted by the progeny of only 
one. The progression to crypt monoclonality in adult animals has been 
confirmed by the accumulation of spontaneous whole crypt mutations in 
small intestine and colon in mice and humans (Fuller et al 1990; Winton 
and Ponder 1990; Campbell et al. 1994; Novelli et al. 1996). Thus, stem 
cell turnover is a physiological process. The mechanism by which an esti- 
mated 4—6 stem cells per small intestinal crypt and 2-3 per colonic crypt 
are replaced has been the subject of some debate (see below). 

Extrapolation of survival curves for regenerating foci of small 
intestinal epithelium (microcolonies) following irradiation has allowed 
estimates of the number of clonogenic cells to be made under different 
experimental conditions. Although the method can be criticized for the 
assumptions made and a high degree of observed variability (Wright and 
Alison 1984), a general picture of the radiosensitivity of the stem and pro- 
liferative cells has emerged from split dose protocols and different dosage 
regimens (for review, see Potten et al. 1997). The steady-state stem cells 
may be radiosensitive and rarely contribute to regeneration. An addition- 
al population of around 6 clonogenic cells per crypt with intermediate 
sensitivity regenerates the epithelium at low doses (less than 9 Gy). Above 
9 Gy, a larger population of 16—24 radioresistant clonogens contributes to 
regeneration. Adaptation of the method to the colon gives qualitatively 
similar findings. The results imply a gradient of radiosensitivity among 
stem cells and their first, second, and third generation progeny which are 
normally destined to enter, or are actually in, the transit amplifying pop- 
ulation. Apparently cells normally destined for differentiation can be 
called back to regenerate a functional stem cell compartment, although 
from these acute studies it is unclear how long they can continue to ful- 
fill this role. 


MODES OF DIVISION 


There is no unequivocal evidence that indicates whether intestinal stem 
cells divide asymmetrically or symmetrically. The progression to mono- 
clonality described above implies different fates for stem cells within the 
crypt. However, there is no evidence that this asymmetry in fate is deter- 
mined prior to division. Different models for self-renewal of the stem cell 
population and which might explain the progression to monoclonality 
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have been proposed. In one model, a probabilistic maintenance of the 
steady-state stem cell pool arises through purely symmetrical division 
with two stem cells or two committed cells arising at each stem cell divi- 
sion (Bjerknes 1986). This might create monoclonal crypts through pro- 
gressive clonal expansions and extinctions. In this model, problems asso- 
ciated with complete stem cell extinction in a proportion of crypts (for 
which there is little evidence) due to small stem cell numbers are resolved 
by postulating that increased stem cell numbers in other crypts provide a 
signal for crypt replication through fission. Certainly there is evidence for 
a crypt cycle, and this might provide a route for the propagation of stem 
cells. However, it seems speculative to conclude that fluctuations in stem 
cell numbers are the driving force for crypt fission. The relative contri- 
bution of clonal expansion due to the nature of stem cell division and of 
segregation of clones into crypts by fission in explaining the monoclon- 
ality of the crypt epithelium is unknown. Bifurcating crypts (intermediate 
fission forms) are present in the steady state, and their numbers are 
increased by mutagen/cytotoxic treatments (Park et al. 1995). Hence, 
there may be a substantially greater contribution from fission events fol- 
lowing chemical mutagenesis. This model denies any regulatory role for 
control of stem cell divisions through feedback mechanisms. In contrast, 
a multifactorial mathematical model indicates that a working crypt could 
be maintained by mainly asymmetrical stem cell division (95% of 
mitoses) with occasional division (5% of mitoses) being symmetrical and 
generating two stem cell daughters. Here again, it is the symmetrical divi- 
sions that allow clonal expansion (and extinctions) and might therefore 
account for monoclonality (Loeffler et al. 1993). 

It is generally agreed that, in contrast to invariant asymmetrical divi- 
sions, symmetrical stem cell divisions are regulatable by environmental 
factors, because the probability of self-renewing divisions can be con- 
trolled (Morrison et al. 1997). Indeed, the gut epithelium is greatly influ- 
enced by environmental signals, and the ability of its stem cells to regen- 
erate a normal epithelium following irradiation amply demonstrates that 
symmetrical self-renewing divisions can be triggered under conditions of 
regeneration. However, if the converse applies and there is little need to 
modulate the size of the stem cell pool in the steady state, in theory asym- 
metrical division could be the norm. There is no published evidence in 
intestinal stem cells for an asymmetrical cellular distribution of mam- 
malian homologs of molecular determinants of asymmetry as described 
in other tissues and species. Consequently, asymmetrical divisions in the 
intestinal epithelium may be dictated immediately subsequent to mitosis 
by the relative vertical displacement of the two daughters. If so, this is not 
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due to an inbuilt planar orientation of each mitotic event in the crypt as a 
whole, which can be at almost any orientation except at right angles to the 
epithelial sheet (Bjerknes and Cheng 1989), but even very small vertical 
displacements might determine fate. Supporting evidence for nonrandom 
cell deletion, and therefore asymmetrical divisions in intestinal epitheli- 
um, comes from computer simulations of the amount of genetic diversity 
affecting microsatellite repeats in small samples of around 200 epithelial 
cells in mismatch-repair-deficient mice (Tsao et al. 1997,1998). Higher 
levels of genetic diversity are predicted when one daughter of stem cell 
division is selected for extinction than when both daughters have the 
opportunity to be retained. Nonrandom cell death is compatible with the 
different fates of two daughters being determined prior to division (intrin- 
sic asymmetry) or as a consequence of cell position. 


NICHE 


The concept of a unique microenvironment or niche maintaining the 
intestinal stem cell population first came from cell marking studies in 
which crypt base columnar cells that had taken up phagosomes after 
exposure to [*H]thymidine were tracked over time. These experiments 
demonstrate that prior to the acquisition of differentiated characteristics, 
stem cells first leave the crypt base (Bjerknes and Cheng 1981a,b). For 
example, Paneth cells colocalize within the stem cell zone, but their pre- 
cursors are only recognized immediately above the stem cell zone and 
subsequently migrate downward. This implies that undifferentiated cells 
first have to leave the stem cell zone to enter an environment permissive 
for differentiation. 

The nature of the niche in terms of its composition and in the aspects 
of stem cell behavior it regulates is still not understood. The above obser- 
vation seems to require that niche determinants are localized to the crypt 
base, and consequently, attention has focused on the Paneth cells them- 
selves and on molecular determinants with the appropriate distribution. 

Paneth cells are long-lived and could therefore maintain a stable envi- 
ronment in the crypt base. They produce a number of factors that could 
regulate proliferation and differentiation in neighboring cells, including 
epidermal growth factor, tumor necrosis factor a, guanglin, and 
matrilysin, as well as other factors thought to be involved in the regula- 
tion of bacterial populations. However, ablation of the Paneth cell popu- 
lation in mice transgenic for an attenuated diphtheria toxin expressed 
from an upstream Paneth cell promoter (cryptidin 2) causes no change in 
the rate of crypt to villus migration or in the ordered differentiation of 
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enteroendocrine, columnar, or goblet cells, or any change in the relative 
numbers of these cells (Garabedian et al. 1997). Furthermore, species 
lacking Paneth cells, such as pigs and dogs, have in other respects a sim- 
ilar crypt architecture and organization to that found in mice and humans. 

There is ample evidence that the maintenance of a functional gut 
epithelium results from extensive regulation by and interaction with com- 
ponents of the extracellular matrix (ECM). Retention and loss of stem 
cells from the crypt base may be best achieved by regulating their adhe- 
sion to the ECM. Regulation of proliferation and commitment by the 
ECM is also likely to be of major importance. Gene deletion experiments 
in mice have demonstrated that both positive and negative regulators of 
growth are provided to the intestinal endoderm during development. Hx, 
a divergent murine homeobox gene, is expressed in the mesenchyme 
underlying the mid- and hindgut and is required for gut elongation, and is 
a positive regulator of growth (Hentsch et al. 1996). In contrast, Fkh6, a 
winged helix transcription factor with a similar mesenchymal distribu- 
tion, is a negative regulator. Mice deficient in FkA6 show intestinal over- 
growth and severe dysregulation of proliferation both during development 
and in the adult (Kaestner et al. 1997). In the adult, the number of divid- 
ing cells is increased fourfold and the crypt morphology is altered. 

The distribution of components of the ECM underlying the intestine 
in both mouse and humans has been investigated by immunohistochem- 
istry, and clear patterns of differential expression have been recognized 
(see Fig. 3). The composition of the basement membrane immediately 
juxtaposed to the epithelium could be particularly important in regula- 
tion. One major component of the basement membrane that shows high 
molecular variability is the laminin (LN) group. These are heterotrimer- 
ic proteins composed of a, B, and y chains. LN1 (a1, B2, yl )and LN2 
(a2, B1, yl) are of particular interest because in humans they show a rec- 
iprocal pattern of villus and crypt expression, respectively (Beaulieu and 
Vachon 1994; Simon-Assmann et al. 1994). LN1 appears to be involved 
in triggering intestinal differentiation (Kedinger et al. 1998); LN2 is con- 
centrated around the base of the crypt, suggesting a possible role in reg- 
ulating the stem cell population (Fig. 4). However, dy mice lacking the 
02 chain (due to a natural mutation) appear to have no obvious intestinal 
abnormality, leaving the role of LN2 equivocal (Simon-Assmann et al. 
1994). 

Integrin receptors of ECM components can also show spatially distinct 
patterns of intestinal expression (Fig. 3). Integrin 0281 and 0381 show re- 
ciprocal expression in the crypt and villus, respectively (Beaulieu 1992). 
Determining the nature and consequence of interactions between the crypt 
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Figure 3 Schematic of crypt:villus pattern of expression of laminin | and laminin 
2 (subchains «1 and 02) and of integrin «2, «3, and 84 chains in human intes- 
tine. The width of the stippled region gives an indication of the relative amounts 
of each molecule expressed along the crypt:villus axis as determined by the 
intensity of immunostaining. The reciprocal pattern of laminin a1 and 02 and of 
integrin &1 and @3 chains is shown. The integrin B4 chain is expressed at high- 
est levels in the villus epithelium. A posttranslation cleavage event (which 
removes only the cytoplasmic tail of the predominant A isoform) in the crypt 
generates an inactive complex on association with a6. 


epithelium and the ECM can be complicated by varying degrees of binding 
specificity. In this respect, &2B1 is promiscuous and binds both laminins 
and collagen. Not surprisingly, 0281 has been implicated in diverse effects, 
including gland branching in breast, adhesion, motility, maintenance of dif- 
ferentiation, and cell cycle progression (Zutter et al. 1999). More detailed 
analysis of variant molecules can reveal underlying spatial differences. For 
example, the B4 chain is present in the intestinal basement membrane 
throughout the crypt-to-villus axis, but in the crypt epithelium it is prote- 
olytically cleaved to remove the cytoplasmic tail (Basora et al. 1999). This 
modification renders integrin «684 functionally inactive in terms of its 
ability to bind LNS. Again, the functional significance of this modification 
is unclear, but in addition to conformational changes on adhesion, could 
affect the ability of «684 to signal through the Ras/map kinase pathways 
and to modulate cyclin-dependent kinase inhibitors. 

No unequivocal molecular determinant of the stem cell niche has yet 
been identified, but there is an enormous potential for cross-talk between 
crypt stem cells and the ECM. It is likely that an effect at a given cell 
position will be mediated by multiple determinants/signals, and conse- 
quently, the composition of the niche will be complex. More problematic 
is discriminating whether an effect, such as the intestinal overgrowth and 
dysregulation observed in F'kh6 null mice, involves or requires a stem cell 
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Figure 4 Immunostaining for laminin-2 in human small intestine. Note that the 
fluorescence is concentrated at the basement membrane at the crypt base. 
(Photomicrograph courtesy of M. Kedinger and P. Simon-Assmann.) 


defect or whether changes in the transit population are sufficient. 
Similarly, with integrin-mediated interactions, the regulated function may 
involve a general effect on proliferation or differentiation. 

Subepithelial fibroblasts and myofibroblasts may play a crucial role 
in defining the stem cell niche. Isolation of cloned sublines has shown 
that these are heterogeneous and differ in their ability to induce pheno- 
typic changes in intestinal endoderm from day 14 fetal rats. In particular, 
one line stimulates proliferation, and development of an undifferentiated 
glandular structure. Another induces differentiation markers and supports 
the development of a normal crypt/villus structure (Fritsch et al. 1997). 
Additional lines isolated from different geographical positions along the 
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longitudinal axis of the gut (proximal and distal small intestine and prox- 
imal colon) appear to retain the characteristics of their site of origin 
(Plateroti et al. 1998). Similar heritable differences in phenotype in 
myofibroblasts localized along the vertical axis of the crypt could help 
maintain a favorable environment for intestinal stem cells. 


SECRETED FACTORS 


Systemic or localized production of growth factors and cytokines must 
regulate intestinal stem cells, and their localized sequestering may limit 
availability at the niche. Their effects may extend to altering 
ECM-epithelial interaction through an effect on stromal fibroblasts 
(Fritsch et al. 1997; Burgess 1998). Due to difficulties in maintaining 
normal cells, the effects of candidate cytokines and growth factors have 
mainly been assayed using colon cancer lines. Molecules with general 
stimulating or inhibitory effects on cell proliferation in such systems 
include interleukins (IL-2, IL-4, IL-10, IL-11), epidermal growth factor 
(EGF) and EGF family members, insulin-like growth factor (IGF), and 
prostaglandins (for review, see Potten et al. 1997; Burgess 1998). In some 
cases, in vivo stimulatory effects are indicated by association with gut 
pathologies (e.g., the association of IL-4 and IL-10 expression in inflam- 
matory bowel disease). Many of the molecules may be primarily involved 
in wound healing. It is unclear even within well-characterized gene fam- 
ilies such as the EGF family whether a given factor is regulating specific 
aspects of intestinal epithelium behavior such as differentiation, survival, 
or cell proliferation. Equally, which cell compartment—stem or prolifer- 
ative cells—is responding is unclear. Only for a few molecules has an 
effect on the intestinal stem cell population been demonstrated either by 
a change in stem cell survival following radiation or by measurement of 
cell kinetics by cell position following in vivo administration. Thus, trans- 
forming growth factor B (TGFB), which is thought to be a negative regu- 
lator of epithelial proliferation, is expressed within the crypt. 
Furthermore, its administration reduces cell proliferation, alters cell cycle 
characteristics within the stem cell region, and protects stem cells from 
radiation induced-death as determined by the microcolony assay (Potten 
et al. 1997). Exposure to keratinocyte growth factor (a member of the 
FGF family) stimulates proliferation and affects crypt fission and also 
protects stem cells from radiation-induced death (Khan et al. 1997; 
Goodlad et al. 2000). Stem cell factor (SCF) and FGF-2 have also been 
shown to protect intestinal stem cells from the effects of ionizing radia- 
tion (Leigh et al. 1995; Houchen et al. 1999), and subepithelial intestinal 
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myofibroblasts express the SCF receptor c-kit. Whether radiation protec- 
tion arises directly from an effect of the cytokine/growth factor or indi- 
rectly through stimulating other cell populations is unclear. For example, 
keratinocyte growth factor is induced by serum factors in cultured dermal 
fibroblasts by two distinct pathways involving protein kinase C or cyclin- 
dependent kinases (Brauchle et al. 1994). Furthermore, KGF is inducible 
from such fibroblasts by treatment with IL-6, IL-1, or TNFa (Brauchle et 
al. 1994). Thus, production of growth factors and cytokines may regulate 
the stem cell compartment. Paneth cells, although not essential for stem 
cell maintenance, may still play a role in more subtle ways and certainly 
produce TNFa. Lymphoid cells may also be able to regulate stem cell 
behavior by the localized production of cytokines. 


Tcf-4 


Recently, it has been shown that germ-line deletion of the high-mobility 
group transcription factor Tcf-4 causes a failure to lay down the adult pat- 
tern of stem (and proliferative) cells in small intestinal epithelium 
(Korinek et al. 1998). Proliferating cells in the intervillus region (from 
which crypts will form after birth) of Tcf-4 null mice are completely 
absent from E16.5 stage embryos onward. In colon, where Tcf-4 is also 
expressed, the phenotype is not evident, presumably due to the activity of 
another member of the Tcf family. The relevance of this finding is that it 
implicates by association several of the molecular partners of Tcf-4, 
which are involved in the neoplastic transformation of colonic cells, in the 
establishment of intestinal stem cells. Thus, B-catenin complexes with 
Tcf-4 to generate an active transcription factor but is normally found in 
low concentrations associated with the product of the adenomatous poly- 
posis coli (APC) gene (for review, see Roose and Clevers 1999). APC acts 
to suppress signaling via the Tcf-4/B-catenin complex. Key events in tran- 
scriptional activation include: signaling through the wingless/Wnt path- 
way; stabilization of B-catenin as a cytoplasmic monomer that no longer 
forms a complex with APC; and translocation of B-catenin to the nucleus 
where it associates with Tcf-4. Constitutively active Tcf-4/B-catenin com- 
plexes are present in Ape “ colon carcinoma cell lines and in Apc * cell 
lines containing a dominant mutation affecting the amino terminus of B- 
catenin (Korinek et al. 1997; Morin et al. 1997). One interpretation of 
these observations is that neoplastic transformation as a consequence of 
activation of Tcf-4 results in a maintenance of stem cell characteristics 
(Korinek et al. 1998): In effect, cells that should undergo terminal differ- 
entiation continue to divide and to persist. 
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The link between colon cancer and stem/proliferative behavior has 
been taken further: CD44, which is often overexpressed early in the devel- 
opment of colorectal cancers, is restricted to the crypt epithelium in nor- 
mal mice. This family of glycoproteins is believed to link ECM compo- 
nents to the cytoskeleton and, through an interaction with heparin sulfate, 
to bind growth factors that may promote receptor signaling. CD44 expres- 
sion appears to be controlled by the Tcf-4/B-catenin pathway (Wielenga 
et al. 1999). 

The role of Tcf-4 in maintaining functional stem cells in adult epithe- 
lium is unknown. In situ hybridization indicates expression of Tcf-4 mes- 
sage throughout the crypt (CD44 has a similar pattern of expression), 
although no detailed expression studies have determined the pattern of 
expression of the protein. Other factors may serve to maintain the stem 
cell zone in conjunction with the Tcf-4-mediated pathway. The require- 
ment for Wnt signaling implicates the mesenchymal cells underlying the 
crypt epithelium as the probable source. Identification of a crypt-specif- 
ic Wnt receptor might yet define a stem-cell-specific marker. Overall, the 
need for cross-talk between cells of the ECM and developing and pre- 
sumably established stem cell population is demonstrated both by the 
requirement for Wnt signaling and the action of its downstream target 
CD44. 


HOMEOSTASIS 


In the steady stage, the small intestine shows a background of apoptosis 
which in the crypt is coincident with the stem cell position. Up to 10% of 
crypt base columnar cells may be dying at any time. It has been suggest- 
ed that such spontaneous apoptosis acts to remove excess stem cells after 
symmetrical stem cell division (Potten et al. 1997). If correct, this appears 
to be a small-intestine-specific strategy, as spontaneous apoptosis in the 
colon is not associated with the stem cell region. This may relate to the 
expression of Bcl-2 in the latter and not the former. Currently, there are 
no functional data to indicate the nature of the deleted cells. 

Apoptosis as a homeostatic mechanism is supported by experiments 
causing crypt hyperplasia. Following small bowel resection (SBR), both 
proliferation and apoptosis are increased to a similar degree as part of an 
adaptive response (Shin et al. 1999). Similarly, chimeric mice in which 
one parental component is directed to overexpress an amino-truncated B- 
catenin in intestinal epithelium show a fourfold increase in cell division 
and “spontaneous” apoptosis in affected crypt epithelium (Wong et al. 
1998). Qualitatively equivalent findings have been described in the over- 
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grown crypt epithelium in F'x’A6 null mice (Kaestner et al. 1997). These 
observations would be in accord with establishment of new steady state 
with increased numbers of stem cells being deleted. Longer-term study of 
the proliferation and apoptotic changes accompanying SBR in rabbits 
shows that 3 weeks post-surgery, crypt cell apoptosis levels are returned 
to normal while crypt cell proliferation remains stimulated (Thompson 
and Barent et al. 1999). This dissociation is interesting: Can a steady state 
be established in which an increased proliferative compartment is main- 
tained by a normal number of stem cells? 

Regulation of spontaneous apoptosis by specific gene products has 
been investigated (for review, see Potten et al. 1997; Potten 1998; Watson 
and Pritchard 2000). p53 and Bax null mice show no difference in the lev- 
els of spontaneous apoptosis. (p53 deletion also has no effect on the ele- 
vated levels of apoptosis observed following SBR [Shin et al. 1999]). Bcl- 
2 null mice show elevated levels of spontaneous apoptosis in colonic 
epithelium (at the putative stem cell location) but not in the small intes- 
tine, and overexpression of Bcl-2 in the latter does not affect the frequen- 
cy of spontaneous apoptosis (Coopersmith et al. 1999). These last obser- 
vations indicate that Bcl-2 may be involved in homeostasis of normal 
colonic stem cells but indicate that it is not involved in the small intestine. 

Following y irradiation, there is an increase in the level of apoptosis 
at the stem cell position that is p53-dependent. In p53 null mice, the peak 
of apoptosis normally observed at 3-4 hours postirradiation is absent 
(there is a later p53-independent peak of apoptosis that probably arises 
due to aberrant mitoses). In colon (and not small intestine) irradiated Bcl- 
2 null mice show increases in apoptosis over wild-type animals, and again 
this is linked to cell position 1—2. It has been proposed that the lack of a 
homeostatic mechanism for spontaneous deletion of excess cells in colon 
due to Bcl-2 may explain the greater susceptibility of the colonic, as com- 
pared to the small intestinal, epithelium to neoplastic induction. 


COMMITMENT 


There is evidence for proliferative and self-maintaining progenitors com- 
mitted to maintaining different cell types within the small intestine. Cell 
marking studies using a gain-of-function modification of the D/b-/ muta- 
tion assay have identified DBA-positive clones composed only of gob- 
let/oligomucous cells (Bjerknes and Cheng 1999). These are induced by 
high doses of chemical mutagen and persist for up to 154 days postmuta- 
genesis. Cell ablation studies in which enteroendocrine cells expressing 
secretin are deleted have also been supportive of a committed precursor 
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(Rindi et al. 1999). Secretin is expressed in a subset of small intestinal 
enteroendocrine cells, which are identified by the coexpression of multi- 
ple hormones. Hence, cholecystokinin- and glucagon-expressing cells also 
express secretin. Gancyclovir, in mice transgenic for a secretin promoter 
linked to herpes simplex virus thymidine kinase, ablates some 95% of 
secretin cells (S cells) and reduces cholecystokinin-, glucagon-, and pep- 
tide YY-expressing cells to a comparable degree. Cells expressing gastric- 
inhibitory peptide, substance P, somatostatin, and serotonin are only par- 
tially ablated (45-59%), and gastrin cells are reduced by ~13%. Ablation 
takes about 5 days as mature villus forms are not killed by the treatment. 
Rather, proliferative precursors within the middle region crypt are suscep- 
tible and are observed to apoptose. Furthermore, after a 5-week posttreat- 
ment recovery period, there is complete recovery of all cell types, indicat- 
ing that earlier progenitors (or stem cells) are spared because the secretin 
promoter is not active. The relative reductions in numbers reflect the close- 
ness of the lineage relationship with S cells (Fig. 5). 

Commitment of S-cell precursors seems to require BETA2, a basic 
helix-loop-helix protein (Mutoh et al. 1998). BETA2, in association with 
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Figure 5 Model for differentiation pathways in mouse small intestine. 
Multipotent stem cells can give rise to early progenitors committed to the 
enteroendocrine (EE) or oligomucous/goblet cell (M) lineage. Intermediate/late 
progenitors for the different enteroendocrine subtypes indicated by cell ablation 
studies also suggest that gastrin-producing cells arise from a unique precursor 
and that distinct routes for the differentiation of substance P (SP), serotonin 
(SER), somatostatin (SOM), and gastric inhibitory peptide (GIP) subtypes must 
exist from that giving rise to the secretin (SEC) peptide YY (PYY) and chole- 
cystokinin (CCK) subtypes. Evidence for the mucous cell pathway comes from 
mutation-induced marker experiments (see text). 
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the coactivator p300, can coordinate transcription of the secretin gene, 
cell cycle arrest, and apoptosis. Mice deficient for BETA2 due to gene 
targeting lack enteroendocrine cells expressing both secretin and chole- 
cystokinin, providing additional support for the model shown in Figure 5. 

Evidence for selective versus instructional mechanisms for stem cell 
commitment is lacking. Long-term (e.g., goblet cell) precursors and 
short-term precursors may be regulated by different mechanisms, pre- 
sumably because they occupy different crypt positions. Inhibition of 
upward migration of proliferating cells due to overexpression of E-cad- 
herin does not affect the normal pattern of differentiation (Hermiston et 
al. 1996). Hence, differentiation is not cell-autonomous and relates to cell 
position rather than to actual age of cells from “birth” among the stem 
cells. It is unclear whether this also applies to commitment of stem cells 
as well as the differentiation process itself. 

Little is known about molecular mediators of the commitment 
process. Members of the Cdx family of homeobox genes may be 
involved. In the adult gut, Cdx-2 mRNA is present in the undifferentiated 
crypt base cells, but the protein is expressed at highest levels in the villus 
epithelium (James et al. 1994). The bulk of work carried out to date sug- 
gests that, in fully differentiated intestine, Cdx-2 is primarily involved in 
the final maturation of enterocytes (Lorentz et al. 1997). Cdx-1 is 
expressed in small intestine and colon throughout the crypt—villus axis in 
a graded manner, with the highest levels of expression in the crypt base. 
In comparison to Cdx-2, rather less is known about the properties of 
Cdx-1, although it too appears to be able to regulate transcription of 
intestinal brush-border enzymes and may be able to regulate progression 
through the cell cycle (Lynch et al. 2000). However, Cdx-1 is also associ- 
ated with the transition of normal gastric and esophageal epithelium to 
intestinal metaplasia, and this may play an important role in maintaining 
the intestinal phenotype (Silberg et al. 1997). What, if any, role Cdx-1, or 
indeed Cdx-2, plays in establishing lineage-committed precursors from 
the multipotential stem cell pool is currently unknown. 


CONCLUDING REMARKS 


Progress in unraveling the mystery of stemness in intestinal epithelium 
has been impaired by the limited usefulness of tissue culture systems. As 
it currently stands, primary cultures can be established from epithelial 
aggregates and not from completely dissociated cells (Evans et al. 1994; 
Perrault and Beaulieu 1998; Booth et al. 1999). Transplantation experi- 
ments show that such aggregates can reconstitute normal epithelium (Tait 
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et al. 1994; Slorach et al. 1999). However, the methods do not allow the 
self-renewing potential of isolated and defined cell populations to be 
assessed. It is unclear whether this is a resolvable technical problem. 

The lack of stem-cell-specific markers is also limiting: Do they exist 
for intestinal stem cells? It may be that intestinal stem cells are defined 
by the absence of such markers. Quantitative differences in integrin 
expression seem to be an important factor in determining the self-renew- 
ing capacity of keratinocytes. The emphasis on highly localized crypt 
base “stem cell” markers may be misplaced, and gradients of expression 
of such molecules may better relate to self-renewal. Considerable thought 
will be required on how to validate any such markers in the absence of 
appropriate in vitro assay systems. 

Despite these limitations, the intestinal epithelium still attracts due to 
the clear separation of functional compartments and the ability to detect 
changes in these following genetic manipulation in transgenic experi- 
ments, or to establish what is required for their maintenance in transplan- 
tation/restitution experiments. These approaches are powerful, but it is 
unclear even in the most refined transgenic experiment the extent to 
which genetic redundancy or adaptive responses in vivo mask important 
interactions that could be teased apart in a more defined, in vitro, setting. 
Furthermore, subtle changes in stem cell behavior may not be detected 
because ultimately in vivo analyses depend on determining the spatial dis- 
tribution of cells and differentiation markers in descendants of the entire 
crypt stem cell pool and not in the stem cells themselves. 

Given the evident plasticity of a variety of apparently tissue-specific 
stem cells to transdifferentiate, the question arises: Do intestinal stem cells 
show this ability? The limitations described above do not allow the estab- 
lishment of experimental conditions under which such behavior could be 
defined. However, a number of in vivo observations do imply considerable 
versatility of small intestinal stem cells. Most dramatic is the ability of 
crypts adjacent to areas of ulceration to generate a novel ulcer-associated 
cell lineage (UACL, Fig. 6) (Wright 1998). Originating from the stem cell 
zone of individual crypts, these new cell lineages form complicated net- 
works, change their pattern of gene expression, and establish new prolifer- 
ative patterns as part of an adaptive response. Crypt epithelium surround- 
ing lymphoid Peyer patches shows adaptation to produce M cells, a minor 
epithelial cell type found on the mucosal surface overlying the lymphoid 
follicles (Gebert et al. 1999). Intestinal metaplasia in the stomach and 
esophagus is a common pathological observation. Conversely, metaplasia 
of normally caudal intestine into rostral squamous-type epithelium in 
haplo-insufficient Cdx-2 “~ mice suggests a molecular candidate involved 
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Figure 6 A well-developed gland composed of UACL cells (darker red staining) 
in human intestine is revealed by staining for neutral mucins using the diastase 
periodic acid Schiff method. These complex glands arise initially from the stem 
cell region of individual crypts and are part of an adaptive response in the epithe- 
lium adjacent to areas of ulceration. 


in the programming to generate intestinal phenotypes (Beck et al. 1999). 
Before fully testing the limits of intestinal stem cell plasticity, the require- 
ment for the future is to devise appropriate assay systems for establishing 
the normal criteria for maintaining stem properties in intestinal cells. 
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hematopoietic stem cells 
liver-derived cells, 379-380 
receptive environment species 
specificity, 381 
rationale, 378-379 
limitations of in vitro systems, 376 
mesenchymal stem cells 
fetal sheep model for human cell 
studies 
experimental design, 385-386 
immunohistochemistry, 386-389 
multipotency analysis, 391-392 
persistence after immunocompe- 
tence development, 391-392 
polymerase chain reaction detec- 
tion of marker, 386-387, 390 
site-specific differentiation, 
388-392 
surface marker analysis, 391 
tissue distribution, 386-388 
isolation of cells, 384-385 
mouse studies, 383-384 
prospects for study, 392-393 
receptive environment perturbations, 
377-378 
FGF. See Fibroblast growth factor 
Fibroblast growth factor (FGF) 
multipotent cell dependence in nervous 
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system, 404—405 
primordial germ cell signaling, 
198-199 
trophoblast signaling 
FGF-4, 272-273, 279 
receptors and knockout studies, 
274-275, 279-280 
target genes, 279-281 
trophoblast proliferation role, 
272-275 
Fibroblast senescence 
aging studies, 95-96 
carnosine effects, 101 
DNA methylation inhibitor effects, 
100-101 
B-galactosidase as marker, 96 
paramycin effects, 100 
phases of culture, 95 
temperature effects, 100 
variability in growth potential, 97 
Fission yeast. See Schizosaccharomyces 
pombe mating type switching 
Flk-1, hemangioblast regulation, 
339-340, 342 
FLP/FRT site-specific recombination, 
lineage tracing of male germ- 
line stem cells , 167-168 
FOG, GATA-1 repression, 299 
Forssman antigen, embryonal carcinoma 
cell marker, 242 
Fumaryloacetoacetate knockout mouse, 
liver repopulating cell trans- 
plantation model, 475 


GATA-1, hematopoietic stem cell regula- 
tion, 296-299 
GATA-2, hematopoietic stem cell regula- 
tion, 294-295, 315 
GCTM2, embryonal carcinoma cell 
marker, 244 
GDNE. See Glial-derived neurotrophic 
factor 
Gene therapy, male germ-line stem cells, 
170 
Germ-line stem cell. See Drosophila 
melanogaster ovary; 
Spermatogenesis 
Glial-derived neurotrophic factor 
(GDNF), spermatogenesis 
role, 178 
Glial-restricted precursor (GRP) 
aldynoglia development, 414 
astrocyte differentiation, 411-412 
astrocyte precursor cell, 413 
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Glial-restricted precursor (GRP) (contin- 
ued) 
bromodeoxyuridine labeling, 406—407 
definition, 406-407 
derivation from embryonic stem cells, 
422-425 
markers, 411 
migration, 406-407 
Muller glia differentiation, 413-414 
oligodendrocyte type-2 astrocyte pre- 
cursor cell, 413 
oligosphere content, 412-413 
Gonadoblastoma, formation, 178 
Gonocyte, germ-line stem cell develop- 
ment, 155 
GRP. See Glial-restricted precursor 
Gut stem cell. See Intestinal stem cell 


Hedgehog 
germ-line stem cell regulation in 
Drosophila, 138 
somatic ovary stem cell regulation in 
Drosophila, 142-143 
Hemangioblast 
acetylated low-density lipoprotein 
labeling, 337-338 
blast colony-forming cell developmen- 
tal potential, 338 
definition, 329 
embryoid body features, 334-335 
existence 
evidence against, 339 
evidence for, 335-338 
gene expression and markers, 336-337 
prospects for study, 340-343 
regulation 
FIk-1, 339-340, 342 
SCL/Tal-1, 340 
sites of development 
liver, 332 
para-aortic splanchnopleura/aorta- 
gonad-mesonephros, 
333-334, 341, 343 
vitelline artery, 334 
yolk sac hematopoietic and 
endothelial development, 
330-332, 341, 343 
Hematopoietic stem cell (HSC) 
cell cycle 
checkpoints and apoptosis, 84 
cytokine signaling, 77, 82 
p21 control, 295 
transplantation studies, 73-75 
colony assays, 114 


commitment to lineage, 317-319 
competitive dilution using Poisson 
modeling, 117-118, 123-124 
competitive repopulation 
assay, 112-114, 116 
CXB-12 mouse repopulation advan- 
tages, 124-125 
serial transplantation in mice, 
116-117 
transplantation, 111 
definition, 289-290, 308 
donor engraftment analysis in carriers, 
117 
endothelial cell role in hematopoiesis, 
292 
enrichment markers, 114 
evidence for existence, 11—12 
expansion, 12-13, 307 
fate mapping of human cells using 
fetal sheep system 
liver-derived cells, 379-380 
receptive environment species 
specificity, 381 
functional determination, 112 
hematopoiesis models, 314-316 
hepatocyte precursors and liver repop- 
ulation, 480-481 
limiting dilution assays, 113-114 
lineage selection by suppression, 
297-298 
long-term culture-initiating cell assay, 
113-115 
markers, 290 
maturation factors 
antagonism and reinforcement of 
lineage choices, 298-299 
coexpression of lineage factors in 
multpotential progenitors, 
300-301 
concentration-dependent actions of 
transcription factors, 299-300 
GATA-1, 296-299 
PU.1, 296, 298, 300, 315-316 
mouse models for study, 111, 115-116 
multipotency, 309 
origins, 290-292 
plasticity, 301, 317-318 
reconstitution potential following 
transplantation 
B-cell precursors, 309, 312 
gene mutation studies, 312-313 
long-term reconstitution, 314 
migration of pluripotent stem cells, 
313 


resting pluripotent stem cells, 
312-313 
secondary and subsequent potential, 
314 
short-term reconstitution, 309 
regulatory genes 
AMLI, 294 
GATA-2, 294-295, 315 
Lmo2, 293-294 
SCL/Tal-1, 293-294 
transcription factors, 292-295, 
314-316 
self-renewal following transplantation, 
112, 116-117, 119-121, 123 
self-renewal, 308 
senescence 
genetic regulation in mice, 122 
in vivo measurement, 121—122 
mouse strain specificity, 119, 
121-122 
telomerase expression, 99-100 
tissue distribution, 111 
vasculogenesis correlation with 
hematopoiesis, 292 
Hepatic stem cell. See Liver stem cell 
Hepatocyte 
differentiation, 455 
division following partial hepatectomy, 
468-469 
hepatocyte growth factor, 469-470 
liver repopulation 
bone marrow-derived hepatocyte 
precursors, 480-481 
fetal hepatoblasts, 477-478 
hepatocytes, 476-477 
neurosphere-derived precursors, 481 
oval cells, 478 
pancreatic hepatocyte precursors, 
478-480 
structure and function, 458-459 
transcription factors 
Arp-1, 465 
C/EBP, 465-466, 470 
hepatocyte nuclear factor 1 pro- 
teins, 463-464 
hepatocyte nuclear factor 3 pro- 
teins, 465 
hepatocyte nuclear factor 4, 465 
Hexamethylene bisacetamide (HMBA), 
embryonal carcinoma cell dif- 
ferentiation induction, 241, 
251-252 
HMBA. See Hexamethylene bisacetamide 
Hox NTERA2 induction in differentia- 
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tion, 249-250 
HSC. See Hematopoietic stem cell 


Ikaros, hematopoiesis role, 316 
IL-6. See Interleukin-6 
Imprinting 
primordial germ cell, 197-198 
Schizosaccharomyces pombe mating 
type switching mechanism, 
25-27 
B1 Integrins, epidermal stem cell 
binding and signaling in fate regula- 
tion, 446-447 
marker, 443-446 
Interferon-y transgenic mouse, model for 
islet repopulation 
advantages and limitations, 505 
overview, 502-503 
PDX-1 expression, 503-504 
Interleukin-6 (IL-6) 
liver regeneration role, 470 
primordial germ cell signaling, 199 
Intestinal stem cell 
ablation studies, 528-529 
apoptosis, 527-528 
asymmetric versus symmetric division, 
519-521 
crypt stem cell 
clonality studies with chemical 
mutagenesis, 518-519, 528 
irradiation studies of regeneration, 
519 
organization, 517-518 
differentiation role 
Cdx-1, 530 
Cdx-2, 530 
extracellular matrix interactions, 
522-525 
fibroblasts and myofibroblasts in 
niche, 524-525 
migration, 515, 518 
Paneth cell interactions, 515-516, 
521-522 
plasticity, 531-532 
proliferative capacity, 515-516 
prospects for research, 530-532 
regulatory factors 
epidermal growth factor, 525 
interleukins, 525 
keratinocyte growth factor, 526 
stem cell factor, 525-526 
Tcf-4/B-catenin complex, 526-527 
transforming growth factor-B, 525 
secretin cell 
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Intestinal stem cell (continued) 
BETA2 requirement for commit- 
ment, 529-530 
hormone secretion, 529 
villus and crypt relationships, 515-516 


juvenile spermatogonial depletion, sper- 
matogenesis role, 177 


Keratin, epidermal stem cell marker, 444 
Keratinocyte growth factor (KGF), 
intestinal stem cell regulation, 
526 
KGF. See Keratinocyte growth factor 
c-KIT 
primordial germ cell signaling, 198 
spermatogenesis role, 176-178 
Kupffer cell, function, 458 


LAG-2 receptor. See LIN-12 
LET23, Caenorhabditis elegans vulva 
equivalence group signaling, 
41, 43-46 
Leukemia inhibitory factor (LIF), sper- 
matogenesis role, 176 
embryonal carcinoma cell mediation, 
253-254 
embryonic stem cell maintenance and 
gp130 signal transduction, 
216-219 
primordial germ cell signaling, 199 
LIF. See Leukemia inhibitory factor 
Limb regeneration 
species distribution, 10 
wound repair parallels, 10-11 
LIN-3, Caenorhabditis elegans vulva 
equivalence group signaling, 
41, 43-46 
LIN-12, Caenorhabditis elegans 
anchor cell/ventral uterine precursor 
cell decision, LAG-2/LIN-12 
signaling 
asymmetry and intercellular feed- 
back, 40 
expression analysis, 39 
feedback loops, 54 
lateral inhibition, 40 
lateral specification, 40 
vulva equivalence group signaling 
pathway, 43-46, 54 
Liver 
acinus model, 456 
blood supply, 455 
cell lineage markers 


detection, 462-463 
table, 464 
cell types, 455-456, 458 
embryology in mouse and gene knock- 
out studies, 459, 461-462 
function, 458-459 
hepatocyte-specific transcription fac- 
tors 
Arp-1, 465 
C/EBP, 465-466, 470 
hepatocyte nuclear factor 1 pro- 
teins, 463-464 
hepatocyte nuclear factor 3 pro- 
teins, 465 
hepatocyte nuclear factor 4, 465 
knockout effects in mice, 466 
PAR subfamily proteins, 466 
hepatocyte structure and function, 
458-459 
Kupffer cells, 458 
lineage relationships in adult and 
embryo, 484 
lobes, 455 
lobule model, 456, 458 
regeneration. See Liver regeneration 
stellate cell function, 458 
Liver regeneration 
capacity, 467 
clinical prospects, 484 
liver repopulating cell transplantation 
bone marrow-derived hepatocyte 
precursors, 480-481 
fetal hepatoblasts, 477-478 
hepatocytes, 476-477 
models 
fumaryloacetoacetate knockout 
mouse, 475 
retrorsine-treated rat, 475-476 
urokinase plasminogen activator 
transgenic mouse, 474-475 
neurosphere-derived precursors, 
481 
oval cells, 478 
pancreatic hepatocyte precursors, 
478-480 
non-oval cell progenitors, 474 
normal tissue turnover, 467-468 
oval cell-dependent regeneration 
markers, 471-473 
models, 471, 473 
proliferation in liver disease, 
472-473 
partial hepatectomy regeneration 
growth factors 


hepatocyte growth factor, 
469-470 
interleukin-6, 470 
transforming growth factor-a, 
470 
transforming growth factor-B, 
470 
tumor necrosis factor-a, 470 
hepatocyte division, 468-469 
time course, 468 
Liver stem cell 
bile duct epithelial cell differentiation, 
455 
cell lines for in vitro studies 
human, 483 
mouse, 483 
overview, 481-482 
pig, 483 
rat 
oval cell lines, 482-483 
WB-344 cells, 482 
definition, 455, 457 
hepatocyte differentiation, 455 
liver regeneration. See Liver regenera- 
tion 
Lmo2, hematopoietic stem cell regula- 
tion, 293-294 


MAT. See Saccharomyces cerevisiae mat- 
ing type switching 
mat1. See Schizosaccharomyces pombe 
mating type switching 
Melanocyte, derivation from embryonic 
stem cells, 424 
mEomes, trophoblast stem cell expres- 
sion, 278, 280-281 
Mesenchymal stem cell (MSC), bone 
marrow 
adipogenesis relationship with osteoge- 
nesis 
bone morphogenetic protein role, 
362 
culture studies, 362 
immortalized cell studies, 362-363 
interconversions, 361—362 
signaling, 363 
trabecular bone explant studies, 363 
allogeneic transplantation, 367 
chondrogenic differentiation 
collagen type II expression, 360 
culture systems, 361 
histological changes, 361 
induction, 359-361 
clonal growth studies, 355-357 
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definition, 349, 382 
donor-derived stromal elements follow- 
ing bone marrow transplanta- 
tion, 383 
expansion, 349-350, 357 
fate mapping 
fetal sheep model for human cell 
studies 
experimental design, 385-386 
immunohistochemistry, 386-389 
multipotency analysis, 391-392 
persistence after immunocompe- 
tence development, 391-392 
polymerase chain reaction detec- 
tion of marker, 386-387, 390 
site-specific differentiation, 
388-392 
surface marker analysis, 391 
tissue distribution, 386-388 
isolation of cells, 384-385 
mouse studies, 383-384 
prospects for study, 392-393 
hepatocyte precursors and liver repop- 
ulation, 480-481 
historical perspective of research, 
350-353 
marrow stromal cell nomenclature, 
353-355 
multipotency, 357, 365, 381-382, 
425-427 
osteogenesis in porous ceramic 
implants, 357-358, 382-383 
osteogenic differentiation and assess- 
ment, 358-359 
radiation studies, 351-352 
stromal function, 349, 352, 363-364 
surface markers, 354-355 
tenocyte differentiation and tendon 
replacement, 349-350 
tissue regeneration studies 
heart muscle, 365-366 
mesenchymal tissue, 365-366 
osteogenesis imperfecta, 
366-367 
prospects, 367 
skeletal muscle, 365 
Mef. See Stem cell factor 
MSC. See Mesenchymal stem cell 
c-Myc, epidermal stem cell fate regula- 
tion signaling, 448 


NCSC. See Neural crest stem cell 
Nestin, multipotent cell expression in 
nervous system, 404 
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Neural crest stem cell (NCSC) 
derivation from embryonic stem cells, 
422-425 
differentiation, 416-417 
neural crest development, 414-415, 
425 
origins, 415-416 
overview of properties, 415 
Neural stem cell (NSC) 
cell cycle kinetics, 401-402 
fibroblast growth factor dependence, 
404-405 
interkinetic nuclear migration, 401 
markers, 402, 404-405 
pluripotency, 425 
symmetric and asymmetric differentia- 
tion, 401, 403, 415-416 
tissue distribution, 405-406 
Neuroepithelium, embryogenesis, 
399-400 
Neurogenesis 
adults, 7-9 
brain tissue replacement in adults, 12 
Drosophila mutant studies, 8 
fluorescent dye injection in progeni- 
tors, 8 
multipotent cells of nervous system, 
404 
overview, 399-400 
retroviral vectors for progenitor study, 
8 
reversibility of damage, 7 
Neuron-restricted precursor (NRP) 
adult precursor cells 
classification, 419 
clinical utilization, 419-421 
neurogenesis in adult brain, 
420-421 
tissue distribution, 418-419 
bromodeoxyuridine labeling, 406—407 
definition, 406-407 
derivation from embryonic stem cells, 
422-425 
evidence for existence, 407-408 
isolation, 408, 410 
migration, 406-407 
neural stem cell relationship, 408-410 
subclasses, 410-411 
Nkx proteins, pancreatic stem cell mark- 
ers, 506-507 
Notch. See also Lin-12 
Drosophila melanogaster proneural 
cluster signaling pathway, 
47-52, 54-55 


epidermal stem cell fate regulation sig- 
naling, 448 
equivalence group signaling in differ- 
ent systems, 53-55 
somatic ovary stem cell regulation in 
Drosophila, 143 
spermatogenesis signaling, 172 
NRP. See Neuron-restricted precursor 
NSC. See Neural stem cell 
NTERA2. See Embryonal carcinoma cell 


Oct-3/4, embryonic stem cell mainte- 
nance, 214-216 
OCT4, primordial germ cell marker, 
196-197 
OI. See Osteogenesis imperfecta 
Oncostatin M 
primordial germ cell signaling, 199 
spermatogenesis role, 176 
Osteogenesis imperfecta (OI), mesenchy- 
mal stem cell transplantation, 
366-367 
Oval cell 
liver regeneration 
markers, 471-473 
models, 471, 473 
proliferation in liver disease, 
472-473 
liver repopulation, 478 
rat cell lines, 482-483 
Ovary. See Drosophila melanogaster 
ovary 


p53 
apoptosis role, 68-69 
stabilization and cell fate, 68-69 
p63, epidermal stem cell marker, 
444-445 
Pancreatic stem cell 
B-cell loss in type I diabetes, 499 
developmental lineages, 507 
hepatocyte precursors and liver repop- 
ulation, 478-480 
insulin-interferon-y mouse model for 
islet repopulation 
advantages and limitations, 505 
overview, 502-503 
PDX-1 expression, 503-504 
islet regrowth and regeneration, 
501-502 
markers 
basic helix-loop-helix proteins, 506 
HNF38, 505 
miscellaneous markers, 506-507 


Nkx proteins, 506-507 
Pax-4, 506-507 
Pax-6, 506-507 
PDX-1, 505, 507 
ontogeny of endocrine cells, 499-501 
prospects for research, 507-508 
Paneth cell, intestinal stem cell interac- 
tions, 515-516, 521-522 
Paramycin, fibroblast senescence effects, 
100 
Pax-4, pancreatic stem cell marker, 
506-507 
Pax-5, B-cell development role, 298, 
318-322 
Pax-6, pancreatic stem cell marker, 
506-507 
PDX-1, pancreatic stem cell marker, 
503-505, 507 
Peripheral nervous system (PNS) 
late emigrating crest cell population, 
418 
neural crest stem cells, 414-417 
ventrally emigrating neural cells, 418, 
426-427 
PGC. See Primordial germ cell 
Piwi 
germ-line stem cell regulation in 
Drosophila, 138, 140-141 
spermatogenesis role, 174-175 
Placenta. See Trophoblast 
PNS. See Peripheral nervous system 
PouS5f1l. See OCT4 
Primitive hematopoietic stem cell. See 
Hematopoietic stem cell 
Primordial germ cell (PGC) 
bone morphogenetic proteins in induc- 
tion, 194-195 
determinants in various species, 
190-191 
embryonic germ cell-derived cell lines, 
199-200 
embryonic grafting experiments, 
193-194 
epiblast origin, 193 
imprinting, 197-198 
induction in mouse, 191-193 
male versus female cell behavior, 
189-190 
markers 
OCT4, 196-197 
stage-specific embryonic antigen-1, 
196 
migration, 196 
signaling of proliferation and survival 
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ciliary neurotrophic factor, 199 
c-KIT, 198 
fibroblast growth factor, 
198-199 
interleukin-6, 199 
leukemia inhibitory factor, 199 
oncostatin M, 199 
stem cell factor, 198 
somatic cell interactions, 200 
spermatogenesis 
features, 151, 153 
germ-line stem cell development, 
154 
migration and proliferation in ani- 
mals, 154-155 
stem cell properties, 189 
X chromosome inactivation avoidance, 
198 
Progenitor cell 
differentiation potential, 13 
stem cell features, 2-3 
Proneural clusters. See Drosophila 
melanogaster proneural clus- 
ters 
PU.1, hematopoietic stem cell regulation, 
296, 298, 300, 315-316 
Punt, spermatogenesis role, 176 


raf, spermatogenesis role, 176 

Retinoic acid, embryonal carcinoma cell 
differentiation induction, 
240-241, 246-250 

Retrorsine-treated rat, liver repopulating 
cell transplantation model, 
475-476 


Saccharomyces cerevisiae mating type 
switching 
evolutionary theory, 31-32 
fission yeast comparison, 31—32 
MAT alleles, 30-31 
S-cell. See Secretin cell 
SCE. See Stem cell factor 
Schizosaccharomyces pombe mating type 
switching 
budding yeast comparison, 31-32 
chromosomal origin of competence, 
22-23 
evolutionary theory, 31-32 
expression of mating type, 17-18 
frequency, 18 
imprinting mechanism, 25—27 
mat locus gene conversions 
alleles and structure, 20-21 
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Schizosaccharomyces pombe mating type 


switching (continued) 
cis-acting deletion mutants, 21 
diploid lines for study, 18 
double-stranded break initiation of 
conversion in donor-deleted 
strains, 22—23 
endonuclease cleavage, 21 
swi gene requirement, 21—23 
nonequivalent sister cells, 24-25, 32 
rules, 19-20 
silencing of mat2-mat3 region, 27—28 
strand-segregation model 
cell differentiation mechanism, 
28-30 
dynein role, 29-30 
evidence, 24—25 
Schnurri, spermatogenesis role, 176 
SCL/Tal-1 
hemangioblast regulation, 340 
hematopoietic stem cell regulation, 
293-294 
Secretin cell (S-cell) 
BETA2 requirement for commitment, 
529-530 
hormone secretion, 529 
Self-renewal, stem cell capacity, 2 
Seminoma, features, 232—234 
Senescence 
commitment theory, 98-99 
crisis growth arrest, 102, 105 
fibroblasts 
aging studies, 95-96 
carnosine effects, 101 
DNA methylation inhibitor effects, 
100-101 
B-galactosidase as marker, 96 
paramycin effects, 100 
phases of culture, 95 
temperature effects, 100 
variability in growth potential, 97 
hematopoietic stem cell 
genetic regulation in mice, 122 
in vivo measurement, 121—122 
mouse strain specificity, 119, 
121-122 
mutation theory, 98, 106 
studies by cell type, 96-97 
telomere shortening 
DNA methylation coupling with 
telomere maintenance, 
101-102, 105 
rodent cells, 101, 105 
theory of senescence, 97—98, 105 


tumorigenesis barrier, 102-104 
Werner’s syndrome defects, 99 
Sertoli cell, interaction with germ-line 
stem cells, 165 
Spermatocytic seminoma, features, 232 
Spermatogenesis 
Drosophila 
advantages of study, 150-151, 180 
asymmetric cell fate decisions, 
170-171 
germ-line specification and migra- 
tion, 153-154 
germ-line stem cell 
clonal analysis, 167-168 
cyst progenitor cell interactions, 
164 
hub, 164 
lineage tracing using FLP/FRT 
site-specific recombination, 
167-168 
markers, 166 
number regulation, 164 
spectrosome, 166 
gonialblast differentiation, 157 
localization of cells, 158, 161, 164 
signaling 
Egfr, 176 
Escargot, 175 
Piwi, 174-175 
Punt, 176 
raf, 176 
Schnurri, 176 
sterile mutant screening, 173 
duration, 157 
germ-line stem cells 
applications, 149-150 
asymmetric versus symmetric divi- 
sions, 156-157, 170-172 
features, 149 
gene therapy, 170 
identification, 165—166 
intrinsic versus extrinsic regulation, 
172, 180 
self-renewal versus differentiation, 
156 
somatic cell interactions, 161, 
164-165, 169, 172 
transplantation studies, 151, 
168-170, 180 
gonadoblastoma, 178 
gonocytes and germ-line stem cell 
development, 155 
model systems, 150 
mouse genes 


an, 177 
at, 177 
Dominant white spotting, 176-178 
glial-derived neurotrophic factor, 
178 
juvenile spermatogonial depletion, 
177 
leukemia inhibitory factor, 176 
OncM, 176 
Steel, 177-178 
primordial germ cell 
features, 151, 153 
germ-line stem cell development, 
154 
migration and proliferation in ani- 
mals, 154-155 
progenitors, 9-10 
seminiferous epithelium in mammals, 
161 
Sertoli cell interaction with germ-line 
stem cells, 165 
spermatogonia, 157-158, 168, 171, 
177 
SSEA1. See Stage-specific embryonic 
antigen-1 
SSEA3. See Stage-specific embryonic 
antigen-3 
SSEA4. See Stage-specific embryonic 
antigen-4 
Stage-specific embryonic antigen-1 
(SSEA1) 
embryonal carcinoma cell marker, 239 
primordial germ cell marker, 196 
Stage-specific embryonic antigen-3 
(SSEA3), embryonal carcino- 
ma cell marker, 242, 244 
Stage-specific embryonic antigen-4 
(SSEA4), embryonal carcino- 
ma cell marker, 242, 244 
STAT3, leukemia inhibitory factor signal 
transduction, 217-218 
Steel. See Stem cell factor 
Stellate cell, function, 458 
Stem cell factor (SCF) 
intestinal stem cell regulation, 525-526 
primordial germ cell signaling, 198 
spermatogenesis role, 177-178 
Subventricular zone (SVZ) 
development, 403 
multipotent stem cells in adults, 419 
SVZ. See Subventricular zone 


T cell 
gene rearrangements, 307, 312 
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hematopoiesis models, 314-316 
immunoglobulin clonality in aging 
populations, 99 
Tcf-4, intestinal stem cell regulation, 
526-527 
Telomerase 
A spermatogonia expression, 168 
hematopoietic stem cell expression, 
99-100 
Telomere shortening 
DNA methylation coupling with telo- 
mere maintenance, 101-102, 
105 
rodent cells, 101, 105 
theory of senescence, 97-98, 105 
Teratocarcinoma 
features, 231-232, 234 
origins 
embryonal carcinoma cell, 
206-207, 231, 234-237 
embryonic germ cell, 209 
embryonic stem cell, 210 
mouse strains and genetic suscepti- 
bility, 235-237 
testis, 232—233 
Teratoma 
features, 231-232 
historical perspective, 231 
primate features, 256-257 
recurrence, 240 
transplantation studies, 352 
Testicular teratoma, development, 200 
TGF-a. See Transforming growth 
factor- 
TGF-B. See Transforming growth 
factor-B 
TNF-a. See Tumor necrosis factor-a 
TRA-1 antigens, embryonal carcinoma 
cell markers, 244 
Transforming growth factor-a (TGF-q), 
liver regeneration role, 470 
Transforming growth factor-B (TGF-B) 
intestinal stem cell regulation, 
525 
liver regeneration role, 470 
Trophoblast 
developmental model, 279-281 
fibroblast growth factor signaling 
FGF-4, 272-273, 279 
receptors and knockout studies, 
274-275, 279-280 
target genes, 279-281 
trophoblast proliferation role, 
272-275 
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Trophoblast (continued) 
functions, 269-270 
giant cell formation, 269, 271 
trophectoderm 
differentiation, 267, 269 
ectoplacental cone formation, 
269-271 
extraembryonic ectoderm forma- 
tion, 269, 271 
inner cell mass distinction, 269 
mouse versus human development, 
282-283 
Trophoblast stem cell 
applications, 283 
derivation of cell lines 
chimeras, 277-278 
embryo stages, 275-276 
fibroblast feeder layers and 
conditioned medium, 
275-277 


fibroblast growth factor supplemen- 


tation, 275 
ploidy, 277 
evidence for in vivo existence 
inner cell mass and derivatives in 
trophoblast proliferation, 
271-272 
modeling of postimplantation 
trophoblast cell lineage, 
272 
trophoblast lineage studies, 
270-271 
gene expression 
embryonic stem cell comparison, 
282 
trophoblast comparison, 278-279 


species distribution, 282 
Tumor necrosis factor-a (TNF-a), liver 
regeneration role, 470 
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